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I. REM. PARTY IN INTEREST 

The real party in interest is the UAB Research 
Foundation. 

II. RELATED APPEALS AND INTERFERENCES 

Appellant is aware of no other appeals or interferences 
which will directly affect or be directly affected by or have a bearing 
on the Board's decision in the pending appeal. 

III. STATUS OF THE CLAIMS 

Originally claims 1-29 were filed with this Application. 
Claims 4-5 and 7-23 were canceled by amendment. The pending 
claims 1-3, 6, 24-29 are being appealed of which claims 1, 24 and 
27 are an independent claims. 
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IV. STATUS OF AMFNTHMFNT^ 



Subsequent to the final rejection mailed May 6, 2003, 
Applicants submitted a Response After Final which canceled claims 
9-23. All pending claims are shown in Appendix A. 

V. SUMMARY OF THF TNVF.NTTON 

The present invention provides methods of inducing 
immune responses by recombinant antigen-enterotoxin chimeric 
mucosal immunogens comprising the A2/B subunits of heat-labile 
type II toxins (see Abstract). The enzymatically active Al subunit of 
heat-labile type II toxin was replaced with an immunogen such as the 
saliva-binding region (SBR) from the streptococcal adhesin Agl/II 
(page 6, lines 7-15). Intranasal immunization of BALB/c mice with 
the chimeric proteins induced significantly higher plasma and 
mucosal anti-SBR IgA and IgG antibody responses (page 40, lines 3- 
9). 

The present invention indicates that heat-labile type n 
toxins (LT-IIa and LT-IIb) and cholera toxin (a type I heat-labile 
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enterotoxin) induced secretion of different cytokines from anti- 
CD3 -stimulated human peripheral blood mononuclear cell cultures 
(page 54, lines 4-18), possibly due to differential effects on CD40L 
expression and IL-12 secretion (page 48, line 17 to page 49, line 5). 
Accordingly, chimeric immunogens comprising the A2/B subunits of 
heat-labile type II toxins may possess unique immunomodulatory 
properties on CD4 + T cells due to secretion of Thl cytokine (page 
40, lines 19-21). 

The present invention also indicates an advantage for 
chimeric immunogens based on heat-labile type II toxins in that 
these chimeric proteins induced substantially lower antibody 
responses to the enterotoxin components of the immunogens. This 
feature may permit repeated administration of heat-labile type n 
toxin-based chimeric immunogens without the loss of 
immunogenicity due to pre-existing antibodies against the 
enterotoxin (page 41, lines 1-6). 
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VI. ISSITF.S 



35 TT.S.C. §103 

Whether claims 1-3, 6 and 24-29 are obvious over Toida et al. 
(Infect. Immunity, 1997) in view of Rappuoli et al. (Immunol. 
Today, 1999), and further in view of Schodel et al. (Infect. 
Immunity, 1989; Vaccine, 1990) and Connell et al. (Immuol. Lett., 
1998; Infect. Immunity, 1992) under 35 U.S.C. §103(a). 

Whether claims 1-3, 6 and 24-29 are obvious over 
Russell et al. (U.S. patent no. 6,030,624) in view of Rappuoli et al. 
(Immunol. Today, 1999), and further in view of Schodel et al. 
(Infect. Immunity, 1989; Vaccine, 1990) and Connell et al. 
(Immuol. Lett., 1998; Infect. Immunity, 1992) under 35 U.S.C. 
§103(a). 

VII. GROUPING OF CLAIMS 
The rejected claims do stand or fall together. 
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VIII. ARGITMFNTS 

Rpjertion Under 35 II.S.C. §103 

In the Advisory Action mailed August 26, 2003, the 
Examiner maintained the rejection of claims 1-3,6 and 24-29 under 
35 U.S.C. §103 (a) as being unpatentable over Toida et al. (Infect. 
Immunity 65:909, 1997) in view of Rappuoli et al. (Immunol. 
Today 20:493, 1999), and further in view of Schodel et al. (Infect. 
Immunity, 57:1347, 1989; Vaccine 8:569, 1990) and Connell et al. 
(Immuol. Lett. 62:117, 1998; Infect. Immunity 60:1653, 1992). 
Applicant respectfully requests that this rejection be reversed. 

The present invention is drawn to methods of inducing 
cellular immune response or Thl immune response (i.e., T cell- 
mediated immunity) by a fusion protein comprising an antigen fused 
to the A2 and B subunits of a type II heat-labile enterotoxin. 

In contrast, Toida et al. describe a method of inducing 
humoral (antibody) and cellular (T helper cell) immune responses 
using a chimeric immunogen comprising an antigen fused to the A2 
and B subunits of cholera toxin (a type I heat-labile enterotoxin). 
Rappuoli et al. describe the the structure and mucosal 
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adjuvanticity of cholera and E. coli heat labile enterotoxin. Schodel 
et al. describe inducing T cell immune responses (but not humoral 
immune response) against an antigen using a fusion protein which 
consists of an antigen fused to the B subunit of E. coli heat labile 
enterotoxin. 

Connell et al. (1992) describe the structural 
characterization of hybrid toxins produced by assembly of A and B 
polypeptides from type I and type II heat labile enterotoxins. 
Connell et al. (1998) describe the induction of humoral immune 
response upon co-administration of a weak immunogen and a type n 
heat labile enterotoxin. 

Rappuoli et al. and Schodel et al. only teach heat labile 
enterotoxins in general without discussing any similarities and 
differences between type I and type II heat labile enterotoxins. The 
Examiner acknowledges that Rappuoli et al. and Schodel et al. do 
not distinguish type II from type I heat labile enterotoxins (Final 
Office Action mailed May 6, 2003, page 4). The Examiner argues, 
however, the gap in teaching on type II heat-labile enterotoxin can 
be filled by Connell et al. The Examiner's rejection is based on the 
assertion that Connell et al. compensate for the lack of teaching on 
type II heat labile enterotoxins in Rappuoli et al. and Schodel et al. 
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Accordingly, Applicant focuses the following discussion on Connell 
et al. 

Asserting that Connell et al. (1992) teach structural 
compatibility between type I and type II heat labile enterotoxins, and 
Connell et al. (1998) teach type I and type II heat labile 
enterotoxins can be used as mucosal adjuvants, the Examiner 
concludes that apparently there is not much differences in adjuvant 
properties between type I and type II heat labile enterotoxins (Final 
Office Action mailed May 6, 2003, page 4). Hence, according to the 
Examiner, it would have been obvious to replace the type I heat 
labile enterotoxin in Toida et al. with a type II heat labile 
enterotoxins. Applicant submits that the Examiner's broad assertion 
of same adjuvant properties between type I and type II heat labile 
enterotoxins is not supported by the cited references and lacks a 
scientific basis. 

There are significant structural differences between type 
I and type II heat labile enterotoxins. Within the A and B 
polypeptides of the enterotoxins, only the Al fragments are 
homologous between type I and type II heat labile enterotoxins 
(Connell et al., 1992, page 1653, right column, lines 13-20). The 
A2 fragments are much less homologous than the Al fragments, and 
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the B polypeptides of type I ejnterotoxins have little or no significant 
homology with those of type II enterotoxins (Connell et al., 1992, 
page 1653, right column, lines 20-24). 

The Examiner acknowledges there is significant 
structural differences between type I and type II heat labile 
enterotoxins (Final Office Action mailed May 6, 2003, page 4; 
Advisory Action mailed August 26, 2003). The Examiner asserts, 
however, the Connell et al. references were cited to show type I and 
type II heat labile enterotoxins possess similar biological activities in 
spite of the structural differences (Advisory Action mailed August 
26, 2003, citing first three rows of Table 2 in Connell et al., 1992). 

Applicant submits that the term "similar biological 
activities" needs to be clarified in terms of what were taught in 
Connell et al. Connell et al. (1992) disclosed biological activities 
in terms of toxicity and structural integrity which was determined 
via recognition by enterotoxin subunit-specific antibodies (Table 2, 
Connell et al., 1992). Connell et al. (1998) taught induction of 
humoral immune response. Hence, in view of the significant 
structural differences between type I and type II heat labile 
enterotoxins, Connell et al. (1992, 1998) teach similar properties 
in toxicity, structural integrity and the ability to induce humoral 
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immune response. However, biological functions on toxicity, 
structural integrity and induction of humoral immune response do 
not provide any scientific basis for predicting the likelihood of 
inducing cellular or T cell-mediated immune response by type II heat 
labile enterotoxins. Connell et al. or other references cited by the 
Examiner do not provide any teaching or guidance on how to relate 
the properties of toxicity, structural integrity and induction of 
humoral immune response to the capacity of inducing cellular 
immune response. In other words, even though type I and type II 
heat labile enterotoxins have similar properties in toxicity, 
structural integrity and induction of humoral immune response, that 
does not mean these two types of enterotoxins would have similar 
properties in the induction of cellular immune response because the 
recited similar activities do not have direct and logical relationship 
to the capacity of inducing cellular immune response. 

A person having ordinary skill in this art would readily 
recognize that toxicity and immunity are two distinct and separate 
areas of biological activities. Regarding the teaching on induction of 
humoral immunity, it is important to recognize the distinct features 
of humoral immunity (antibody immune response) vs. cellular 
immunity (T cell-mediated immune responses). The distinction 
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between humoral immunity and cellular immunity is significant and 
important. It is a basic concept in immunology that these two kinds 
of immune responses are stimulated by different immunogenic 
peptides (Class I MHC-restricted peptides vs. Class II MHC-restricted 
peptides) and are mediated by different immune effector cells (T 
cells vs. B cells). Hence, the parameters for the induction of 
humoral immunity are different from that for the induction of 
cellular immunity. One of ordinary skill in the art would readily 
recognize that parameters for the induction of humoral immunity 
are mostly, if not all, not suitable or applicable for the induction of 
cellular immunity. Therefore, the teaching on the induction of 
humoral immunity as disclosed in Connell et al. (1998) does not 
shed any light on whether an immunogen comprising a type II heat 
labile enterotoxin can induce cellular immune responses. 
Accordingly, the issue of whether an immunogen (in the present 
case, a type II heat labile enterotoxin) can induce an immune 
response (in the present case, cellular immunity) has to be resolved 
by actual experimentation. 

The need for empirical experiments is also highlighted by 
the significant structural differences between type I and type II heat 
labile enterotoxins. The present invention relates to induction of 
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cellular immune response by a chimeric antigen comprising the A2 
and B subunits of type II heat-labile enterotoxin. In contrast, the 
cited prior art references teach induction of cellular immune 
response by a chimeric antigen comprising the A2 and B subunits of 
type I heat-labile enterotoxin (Toida et al.). As discussed above, 
the A2 and B subunits of type I heat-labile enterotoxin have little or 
no significant homology with those of type II enterotoxins (Connell 
et al., 1992, page 1653, right column, lines 20-24). The cited prior 
art references do not provide any logical or scientific reasoning that 
would have indicated to a person having ordinary skill in this art 
that the A2 and B subunits of type II heat-labile enterotoxin would 
induce cellular immune response in a way similar to that induced by 
the A2 and B subunits of type I heat-labile enterotoxin. 

In conclusion, the combined prior art references teach 
that the A2 and B subunits of type I heat labile enterotoxin are 
structurally different from that of type II heat labile enterotoxin, 
and these two types of enterotoxins possess similar activities in 
terms of toxicity, structural integrity and induction of humoral 
immune response (Toida et al., Connell et al., 1992, 1998). The 
lack of differentiation between type I and type II heat labile 
enterotoxins in Rappuoli et al. and Schodel et al. renders these 
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two references ambiguous and useless in providing any guidance. 
The combined prior art references, however, do not teach or 
suggest that the A2 and B subunits of type I and II heat-labile 
enterotoxins would have similar capacity in the induction of cellular 
immune response in spite of substantial structural differences. 
Hence, the cited prior art references do not provide one of ordinary 
skill in the art with the requisite reasonable expectation of 
successfully producing Applicant's claimed methods. Accordingly, 
the invention as a whole is not prima facie obvious to one of 
ordinary skill in the art at the time the invention was made. 

The Examiner also contends that the instant situation is 
amenable to the type of analysis set forth in Tn re Kerkhoven , 205 
USPQ.1069 (CCPA 1980) wherein the court held that it is prima facie 
obvious to combine two compositions each of which is taught by the 
prior art to be useful for the same purpose. Applicant respectfully 
disagrees. Applicant submits that the present invention is not 
amenable to the type of analysis set forth in Tn re Kerkhoven 
because, as discussed above, the prior art references do not teach 
or suggest two compositions (the A2 and B subunits of type I heat- 
labile enterotoxin vs. that of type II enterotoxin) each of which is 
useful for the same purpose (i.e. induction of cellular immune 
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response). Accordingly, Applicant submits that the invention as a 
whole is not prima facie obvious, and that the rejection of claims 1- 
3, 6 and 24-29 under 35 U.S.C. §103(a) be reversed. 

In the Advisory Action mailed August 26, 2003, the 
Examiner maintained the rejection of claims 1-3, 6 and 24-29 under 
35 U.S.C. § 103(a) as being unpatentable over Russell et al. (US 
patent no. 6,030,624) in view of Rappuoli et al. (Immunol. Today 
20:493, 1999), and further in view of Schodel et al. (Infect 
Immunity, 57:1347, 1989; Vaccine 8:569, 1990) and Connell et al. 
(Immuol. Lett. 62:117, 1998; Infect. Immunity 60:1653, 1992). 
Applicant respectfully requestes that the Board reverse this 
rejection. 

Russell et al. describe a method of inducing humoral 
(antibody) and cellular (T cell) immune responses using a chimeric 
immunogen comprising an antigen fused to the A2 and B subunits of 
cholera toxin (a type I heat-labile enterotoxin). The other cited 
references have been discussed above. 

The Examiner rejects claims 1-3, 6 and 24-29 on the 
same basis as that based on Toida et al., Rappuoli et al., Schodel 
et al. and Connell et al. Therefore, the above discussion applies 



15 



here also. Applicant reiterates that the cited prior art references do 
not teach or suggest that the A2 and B subunits of type I and II heat- 
labile enterotoxins have similar capacity to induce cellular immune 
response in spite of substantial structural differences. The issue of 
whether the A2 and B subunits of type n heat labile enterotoxin can 
induce cellular immunity has to be determined by actual 
experimentation. The invention as a whole is not prima facie 
obvious to one of ordinary skill in the art at the time the invention 
was made. Accordingly, Applicant respectfully requests that the 
rejection of claims 1-3, 6 and 24-29 under 35 U.S.C. §103(a) be 
reversed. 



ADLER& ASSOCIATES 
8011 Candle Lane 
Houston, Texas 77071 
(713) 270-5391 (tel.) 
(713) 270-5361 (facs.) 
badlerl@houston.rr.com 



Respectfully submitted, 





Benjamin Aaron Adler, Ph. D., J.D. 
Registration No. 35,423 
Counsel for Applicants 



16 



CLAIMS ON APPEAL 



1. A method of inducing an immune response by 
administration of a recombinant immunogen comprising a fusion 
protein of an antigen fused to the A2 and B subunits of a type II 
heat-labile enterotoxin, wherein said immune response is selected 
from the group consisting of development of antigen-specific T cells 
in the circulation and tissues, the development of cytotoxic T cells 
and immunological tolerance to the antigen sequence. 

2. The method of claim 1, wherein said antigen of interest 
is salivary binding protein (SBR) from Streptococcus mutans surface 
protein (Ag I/II). 

3. The method of claim 1, wherein said type II heat-labile 
enterotoxin is selected from the group consisting of E. coli heat- 
labile type Ila toxin and E. coli heat-labile type lib toxin. 

6. The method of claim 1, wherein said immunogen is 
administered by a route selected from the group consisting of 
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orally, intranasally, intrarectally, intravaginally, intramuscularly, 
transcutaneously and subcutaneously. 

24. A method of increasing Thl response and cell-mediated 
immunity by administration of a recombinant immunogen 
comprising a fusion protein of an antigen fused to the A2 and B 
subunits of a type II heat-labile enterotoxin. 

25. The method of claim 24, wherein said antigen of interest 
is salivary binding protein (SBR) from Streptococcus mutans surface 
protein (Ag I/II). 

26. The method of claim 24, wherein said immunogen is 
administered by a route selected from the group consisting of 
orally, intranasally, intrarectally, intravaginally, intramuscularly, 
transcutaneously and subcutaneously. 

27. A method of increasing Thl response and cell-mediated 
immunity by administration of a recombinant immunogen 
comprising a fusion protein of an antigen fused to the A2 and B 
subunits of a E. coli heat-labile type Ha or type lib toxin. 
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28. The method of claim 27, wherein said antigen of interest 
is salivary binding protein (SBR) from Streptococcus mutans surface 
protein (Ag I/II). 

29. The method of claim 27, wherein said immunogen is 
administered by a route selected from the group consisting of 
orally, intranasally, intrarectally, intravaginally, intramuscularly, 
transcutaneously and subcutaneously. 
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Oral Immunization with the Saliva-Binding Region of Streptococcus 
mutans Agl/II Genetically Coupled to the Cholera Toxin B 
Subunit Elicits T-Helper-Cell Responses in 
Gut-Associated Lymphoid Tissues 

NOZOMU TO I DA, t GEORGE HAJISHENGALLIS, HONG-YIN WU, and MICHAEL W. RUSSELL* 
Department of Microbiology, University of Alabama at Birmingham, Birmingham, Alabama 35294 
Received 15 May 1996/Returned for modification 17 July 1996/Accepted 30 November 1996 

Mice immunized intragastrically (i.g.) with a genetically constructed chimeric protein consisting of the 
saliva-binding region (SBR) of Streptococcus mutans Agl/II coupled to cholera toxin (CT) A2 and B summits 
(CTA2/B) develop serum immunoglobulin G (IgG) and mucosal IgA antibody responses against Agl/II that are 
enhanced by the coadministration of CT as an adjuvant. To investigate the development of antigen-specific T 
cells in the gut-associated lymphoid tissues, mice were immunized i.g. with SBR, SBR-CTA2/B, or SBR-CTA2/B 
plus CT. Agl/II-specific T cells in Peyer's patches (PP), mesenteric lymph nodes (MLN), and spleen were 
assayed by lymphoproliferation and flow cytometry for the expression of T-cell surface markers, and cytokine 
mRNA expression was evaluated by reverse transcription-PCR. T-cell responses were consistent with antibody 
responses but were detectable after the first immunization. Proliferative responses of PP and MLN cells upon 
stimulation with Agl/II in vitro were low and delayed in mice given SBR alone, and these cells displayed a mixed 
type 1 and 2 (or ThO) pattern of cytokine expression. Immunization with SBR-CTA2/B resulted in greater 
Agl/II-specific proliferative responses in PP cells and an increase in the proportion of CD4 + T cells. Coad- 
ministration of CT with SBR-CTA2/B led to greater proliferative responses especially in the MLN cells, which 
then showed an increase in CD4 + cells. Immunization with SBR-CTA2/B (with or without CT) skewed the 
cytokine expression pattern in PP and MLN cells toward Th2. The results indicate that T helper ceils were 
induced in gut-associated lymphoid tissues by i.g. immunization with SBR-CTA2/B, concomitantly with and 
prior to the appearance of circulating and mucosal antibodies. 



Initial adherence of Streptococcus mutans to tooth surfaces 
appears to be mediated largely by the 167-kDa surface fibrillar 
adhesin known as Agl/II (synonyms, antigen B, PI, SpaP, and 
PAc) (14). The adhesion domain that interacts with salivary 
pellicle has been located to the alanine-rich (A) repeat region 
in the N-terminal part of the molecule (2, 12) extending from 
the cell surface probably in an a-helical conformation (21). 
Early studies on Agl/II indicated that rhesus monkeys immu- 
nized with S. mutans and showing protection against dental 
caries mounted antibody responses especially against the com- 
plete molecule rather than against Agll (34), which corre- 
sponds to the C-terminal one-third. These results were sup- 
ported by the finding that immunization with either complete 
Agl/II or the isolated Agl component (corresponding to the 
N-terminal two-thirds) afforded protection against caries (22). 
Thus, a rational approach to immunization against S. mutans- 
induced dental caries can be based on the generation of an 
appropriate antibody response in the saliva that would inhibit 
the adherence of S. mutans to tooth surfaces. Human secretory 
immunoglobulin A (S-IgA) antibodies to Agl/II have been 
shown to inhibit such adherence (14). However, S-IgA anti- 
bodies in saliva and other secretions are not effectively induced 
by conventional parenteral immunization (27). 

S-IgA antibodies are most effectively induced by stimulating 
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the common mucosal immune system (27), for example, by 
enteric immunization which stimulates the gut-associated lym- 
phoid tissues, including the Peyer's patches (PP) of the small 
intestine. Considerable attention has been given to the devel- 
opment- of improved procedures for the oral delivery of vac- 
cines (28), one of which is coupling antigens to the nontoxic 
binding B subunit of cholera toxin (CT), a safe and highly 
immunogenic protein in humans (16). The B subunit of CT 
(CTB), because of its avid binding to G M1 ganglioside, which is 
present on all nucleated cell surfaces, is readily taken up by the 
M cells covering PP and passed to the underlying immunocom- 
petent cells which initiate the mucosal IgA antibody response. 
Antigen-stimulated IgA-committed B cells, and corresponding 
T helper cells, then emigrate via draining lymphatics to the 
mesenteric lymph nodes (MLN) and thence via the thoracic 
duct to the circulation before relocating in the effector sites of 
mucosal immunity, such as the salivary glands. Here terminal 
differentiation of B cells into IgA-secreting plasma cells occurs, 
and their product, polymeric IgA, is transported through the 
glandular epithelium to form S-IgA. Several studies have 
shown that other antigens can be coupled to CTB to generate 
strong mucosai IgA antibody responses to the desired antigen 
(4, 26, 36) and that intact CT, though toxic, serves as an 
adjuvant that enhances the response to coadministered anti- 
gens (9, 23). 

For immunization against S. mutans -induced caries, this lab- 
oratory has developed a potent oral immunogen consisting 
initially of Agl/II chemically coupled to CTB (20, 36, 43). Mice 
and monkeys immunized intragastrically (i.g.) or intranasally 
with this develop salivary IgA antibodies to Agl/II (35, 36. 43). 
Recently, a novel class of genetically engineered mucosal im- 
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munogen, in which the 42-kDa saliva-binding region (SBR) of 
Agl/II is inserted in CT in place of the toxic CT Al subunit to 
create a chimeric protein in which SBR is coupled to pentam* 
eric CTB by the CTA2 peptide, has been developed (11). This 
protein has been shown to induce a persistent salivary IgA 
antibody response against Agl/II when administered i.g.; CT 
coadministered as an adjuvant enhances the response. How- 
ever, optimal responses to either the chemically conjugated 
Agl/II-CTB or the genetically constructed SBR-CTA2/B have 
appeared to require three doses given at 10-day intervals (11, 
36). This finding implies that the first dose must prime the 
mucosal immune system to respond to second and subsequent 
doses of the immunogen. Such priming would be expected to 
elicit antigen-specific T helper cells in the PP and MLN. Fur- 
thermore, the enhancement of antibody responses by the ad- 
juvant effect of CT might be expected to involve increased 
T-helper-cell activity. This study was undertaken to test these 
hypotheses by examining Agl/II-responsive T cells in the PP 
and MLN of mice during the course of i.g. immunization with 
SBR, SBR-CTA2/B, or SBR-CTA2/B plus CT adjuvant. 



MATERIALS AND METHODS 

Antigens. Agl/II was purified chroma tographically from the culture superna- 
tant of 5". mutans essentially as described previously (33). 

The SBR-CTA2/B chimeric protein was constructed and expressed in Esche- 
richia coli and purified from extracts as described previously (11). In essence, this 
procedure consisted of PCR amplifying DNA for a 42-kDa segment encompass- 
ing the A repeat region and some downstream sequence of Agl/II from the pac 
gene, ligating this in a modified pET20b(+) plasmid (Novagen, Inc., Madison, 
Wis.) in frame with and upstream of the genes for CTA2 and CTB, and trans- 
forming the recombinant plasmid into £. coli BL21(DE3) cells (Novagen). 

SBR polypeptide was obtained by excising the relevant DNA and religating it 
into unmodified pET20b(+) in order to express SBR with a six-residue histidine 
sequence derived from the plasmid. This plasmid was also expressed in E. coli 
BL21(DE3), and SBR was purified from cell lysates by metal chelation chroma- 
tography on a nickel-loaded column (Novagen) according to the manufacturer's 
instructions. 

CT and CTB were purchased from List Biological Laboratories, Inc. (Camp- 
belt, Calif.). 

Animals and immunization. Adult BALB/c mice of either sex, 14 to 20 weeks 
old, from a pathogen-free colony were used for all experiments. Groups of nine 
mice were immunized i.g. three times at 10-day intervals by gastric intubation of 
either SBR-CTA2/B (100 u.g) alone, SBR-CTA2/B together with 5 u.g of CT as 
an adjuvant, or an equimolar amount of SBR (40 u,g), all given in 0.5 ml of 0.35 
M NaHC0 3 . Serum and saliva samples were collected on day 0 and 10 days after 
each immunization for assay of antibodies by enzyme-linked immunosorbent 
assay (ELISA). In some experiments, subgroups of three mice were killed 10 
days after each immunization for the preparation of cells from PP, MLN, and 
spleens for T-cell proliferation and flow cytometric analyses. 

ELISA. Serum IgG and salivary IgA antibodies to Agl/II and total salivary IgA 
concentrations were determined by ELISA as described previously (36) on plates 
coated with Agl/II and anti-mouse IgA, respectively, and by using goat anti- 
mouse IgG- and IgA-peroxidase conjugates (Southern Biotechnology Associates, 
Inc., Birmingham, Ala.) as detection reagents. Unknowns were interpolated on 
calibration curves constructed by a computer program based on four-parameter 
logistic algorithms as previously described (36). 

Preparation and culture of lymphoid cells. Single-cell suspensions were ob- 
tained by teasing PP, MLN, and spleen apart with needles, and tissue debris was 
removed by filtering through nylon mesh. Peripheral blood mononuclear cells 
were obtained by centrifugation on Histopaque 1083 (Sigma Diagnostic, St. 
Louis, Mo.). Remaining erythrocytes were lysed in buffered ammonium chloride; 
the cells were washed three limes in RPMI 1640 medium (Mediatech, Washing- 
ron. D.C) supplemented with 2% fetal calf serum (FCS) and were finally resus- ' 
pended in 10% FCS-RPMI 1640. Cells were cultured in 10% FCS-RPMI 1640 
supplemented with I mM sodium pyruvate, nonessential amino acids, 2 mM 
glutamine, 100 U of penicillin-streptomycin per ml, 25 mM HEPES, and 0.01 
mM 2-mercaptoethanol. 

Flow cytometry. Cell marker expression on freshly isolated cells was deter- 
mined by double staining with biotinylated anii-CD4 (GK1.5) followed by 
avidin-phycoerythrin and either fluorescein isothiocyanate-conjugated anti-CD3 
(145-2CI1) or fluorescein isolhiocyanaie-conjugaied anti-CD8 (53-6.72) and by 
incubation for 30 min at 4°C in 2% FCS-Dulbecco's phosphate-buffered saline 
with 0.02% NaN v Cells were washed, fixed in 1% paraformaldehyde overnight, 
and analyzed on a FACStar IV flow cytometer (Becton Dickinson, Mountain 
View. Calif.). 



Proliferation assay. Cells from PP, MLN, and spleens were incubated at 10 5 
cells/well (0.1 ml) in triplicate with a previously optimized, concentration of 
Agl/II (0.5 ng/ml) for 5 days and were pulsed with [ 3 H] thymidine (0.5 u,Ci/well) 
8 h before harvesting. Uptake of 3 H was counted by a liquid scintillation counter. 
The stimulation index was calculated as cpm (wells with AgI/II)/mean cpm 
(control wells). 

Cytokine expression. The expression of cytokines by PP, MLN, and spleen 
cells after culture in vitro with or without Agl/II (0.1 u,g/ml) for 24 h was 
determined by a reverse transcription (RT)-PCR procedure for the amplification 
of cytokine mRNA. Cells (5 x 10 6 to 7 X 10 fi ) were harvested from the cultures, 
washed thoroughly, and then lysed in 350 uJ of lysing buffer for isolation of RNa| 
using an RNeasy kit (Qiagen Inc., Chatsworth, Calif.). RNA was redissolved in 
40 uJ of diethyl pyrocarbonate-treated water, and 2-jil samples were added to 18 
u.1 of RT mixture (Perkin-Elmer, Foster City, Calif.) containing 1 X PCR buffer, 
5 mM MgCI 2 , 1 mM (each) deoxyribonucleoside triphosphate, 1 U of RNase 
inhibitor per ml, 2.5 U of Moloney murine leukemia virus reverse transcriptase 
per ml, and 2.5 mM oligo(dT) 16 . Mixtures were overlaid with 50 u.1 of light 
mineral oil and incubated in a thermal cycler (Perkin-Elmer) for 15 min at 42°C, 
45 min at 37°C, 5 min at 99°C, and 5 min at 4°C. After RT 80 uJ of PCR mixture 
(Perkin-Elmer) was added to each tube to give final concentrations of 25 U of 
AmpliTaq DNA polymerase per ml, 0.15 u,M 5' primer, 0.15 u,M 3' primer, 2 
mM MgQ 2 , and 1 x PCR buffer II. Primers specific for murine gamma interferon 
(IFN-7), interleukin-2 (IL-2), IL-4, IL-5, IL-6, IL-10, and p-actin (30) were 
obtained from Clontech Laboratories Inc. (Palo Alto, Calif.) or the Oligonucle- 
otide Synthesis Core Facility of the UAB Comprehensive Cancer Center, and 
their specificities were verified by means of RT-PCR on RNA extracted from 
mitogen-stimulated mouse spleen cells. After heating at 95°C for 2 min, cDNA 
was amplified for 35 cycles consisting of 45 s at 94°C, 3 min at 72°C, and 2 min 
at 60°C. The products of amplification were analyzed by 2% agarose gel elec- 
trophoresis, revealed by ethidium bromide staining, and photographed by UV 
transillumination. The results were scored according to the presence or absence 
of a band of appropriate molecular size. 

Statistical methods. Quantitative results were evaluated by Student's r test, by 
means of Multistat (Biosoft, Ferguson, Mo.) on a Macintosh computer. Anti- 
body data were transformed logarithmically to normalize their distribution and 
homogenize the variances. 



RESULTS 

Antibody responses. Intragastric immunization of mice with 
SBR, SBR-CTA2/B, or SBR-CTA2/B plus CT incrementally 
induced serum IgG and salivary IgA antibodies measured 
against whole Agl/II (Fig. 1). Immunization with SBR alone 
resulted in weak but statistically significant (F < 0.001 at all 
intervals) serum IgG antibody responses and modest salivary 
IgA antibodies that were significantly elevated above the back- 
ground level only after the second and third immunizations 
(P < 0.001 and P < 0.01, respectively). Administration of the 
SBR-CTA2/B chimeric protein generated significantly greater 
serum IgG responses (P < 0.001), and coadministration of CT 
as an adjuvant further enhanced both the level and the earlier 
development of serum IgG antibodies. Salivary IgA antibodies 
also tended to be elevated by immunization with SBR-CTA2/B 
chimeric protein, especially when given with CT as an adju- 
vant; however, because of variation between animals, statistical 
significance was attained only after two doses given with CT. 
Nevertheless, the general pattern of results was in accordance 
with expectations based on responses to Agl/II, either alone or 
chemically conjugated to CTB, administered i.g. without or 
with CT adjuvant (4, 36). Total salivary IgA concentrations 
also increased in all animals during the immunization period, 
from 2.13 ± 0.61 p-g/rnl in unimmunized animals to 5.92 ± 0.64 
^Lg/ml after three immunizations,. but there were no significant 
differences between the immunization groups. 

T-cell proliferative responses. To test whether T cells capa- 
ble of proliferating in vitro in response to stimulation with 
Agl/II had been induced by the first, second, or third i.g. dose, 
groups of three mice were killed 10 days after a first, second, or 
third immunization with each immunogen preparation. This 
time interval corresponded to the immunization interval and 
was chosen to permit assessment of the potential responsive- 
ness of cells sensitized by the previous immunization to the 
next dose. Mononuclear cells from PP, MLN, and spleens were 
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FIG. I. Serum IgG (a) and salivary IgA (b) antibody responses to Agl/II in 
unimmunized mice and mice immunized once, twice, or three times with SBR, 
SBR-CTA2/B, or SBR-CTA2/B plus CT adjuvant. Immunizations were given on 
days 0, 10, and 20, and samples were collected 10 days after each immunization, 
i.e., on days 0 (unimmunized mice), 10 (one dose), 20 (2 doses), and 30 (3 doses). 
Results shown are the geometric mean and standard deviation, plotted on log- 
arithmic ordinates, of samples from three animals analyzed separately. Salivary 
IgA antibodies were below detectable levels (<0.1 u,g/ml) on days 0 and 10. 



cultured with or without Agl/IL Incorporation of [ 3 H]thymi- 
dine expressed as stimulation indices revealed that Agl/II- 
responsive cells were elicited in the lymphoid tissues associated 
with the intestine, incrementally with the number and form of 
the immunogen doses (Fig. 2). PP and MLN cells taken from 
mice given two or three doses of SBR or of SBR-CTA2/B 
alone showed modest proliferative responses to Agl/II in vitro 
(stimulation indices in the range of 2.4 to 3.2; 5.44 for PP from 
mice given three doses of SBR-CTA2/B), whereas PP and 
MLN cells from mice immunized with SBR-CTA2/B plus CT 
adjuvant showed proliferative responses after one dose (stim- 
ulation indices of 2.3 and 3.6, respectively) and greater re- 
sponses after two or three doses (stimulation indices of 3.1 to 
6.1). The proliferative responses of PP and MLN cells were 
different: MLN cells responded similarly to (or less than) PP 
cells when taken from mice immunized with SBR or SBR- 
CTA2/B but showed greater responses to Agl/II in vitro when 
taken from mice given AgI/II-CTA2/B plus CT. Spleen cells 
generally did not respond to stimulation with Agl/II in vitro 
(stimulation indices of <2), except for those taken from mice 
immunized once with SBR-CTA2/B plus CT (stimulation in- 
dex of 2.8). Cells from the PP, MLN, or spleens of unimmu- 
nized mice did not proliferate in response to Agl/II in vitro 
(stimulation indices of L2 to 1.5). 



T-cell surface marker analysis. To elucidate the nature of 
the T-cell responses to i.g. immunization, cells freshly isolated 
from PP, MLN, spleen, or peripheral blood of mide immunized 
once, twice, or three times with the different immunogens were 
analyzed by flow cytometry for the proportion of cells express- 
ing T-cell marker CD3 (all T cells), CD4 (T helper phenotype), 
or CD8 (T suppressor/cytotoxic phenotype). The results are 
shown in Fig. 3. Among PP cells, there was an increase in the 
proportion of total T cells after each immunization that was 
most noticeable in animals immunized with SBR-CTA2/B or 
SBR-CTA2/B plus CT; this increase was mostly in the CD4 + T 
helper population, whereas the CD8 + T suppressor/cytotoxic 
population remained small. The MLN cell populations re- 
mained more stable, except in the case of cells from mice 
immunized with SBR-CTA2/B plus CT, in which the CD4 + 
population increased with the number of immunizations. MLN 
generally, however, contained more T cells of both phenotypes 
than PP, regardless of immunization status. Peripheral blood 
cells tended to show the greatest increases in the proportion 
of CD4 + T cells after immunization, especially with SBR- 
CTA2/B plus CT, although these numbers must be interpreted 
with caution because of the small numbers of cells obtained. 
Spleen cells showed modest increases in the proportions of 
CD4 + T cells after immunization in all groups. 

Cytokine expression. To elucidate the pattern of expression 
of cytokines, PP, MLN, and spleen cells were taken from mice 
immunized three times with SBR, SBR-CTA2/B, or SBR- 
CTA2/B plus CT 3 days after the last dose, cultured in vitro for 
24 h with or without Agl/II, and examined for the presence of 
mRNAs for IFN-7, IL-2, IL-4, IL-5, IL-6, IL-10, and (3-actin by 
RT-PCR. This time interval was chosen because previous ex- 
perience indicated that ex vivo analysis of cytokine production 




FIG. 2. Proliferative responses of cells from PP, MLN, and spleens of unim- 
munized (control) mice and mice immunized once, twice, or three limes with 
SBR. SBR-CTA2/B. or SBR-CTA2/B plus CT adjuvant, cultured in vitro with 
Agl/U. Results shown are mean stimulation indices of three replicate cultures; 
standard deviations ranged from *0.04 to ^0.95. 
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FIG. 3. Phcnotypic analysis of cells from PP, MLN, peripheral blood, and spleens of unimmunized mice and mice immunized once, twice, or three times with SBR, 
SBR-CTA2/B, or SBR-CTA2/B plus CT adjuvant. Each pie shows the proportions of CD4*, CD8* 1 *, and CD3" (non-T) cells as a percentage of total gated moncnuciear 
cells determined by flow cytometry, starting with unimmunized mice (center of each pie) and proceeding outward in concentric rings with mice immunized once, twice, 
or three times. Numbers within the rings are the individual percentages of each phenotype of cells (for clarity, CD8* cell data are shown outside the pies in descending 
order: zero, one, two, and three doses); the value shown for MLN from mice immunized once with SBR (marked as 51?) was not obtained experimentally but was 
inserted for plotting purposes as the average of the values either side of it. Note that the numbers in each ring of a pie do not sum to exactly 100% because of the 
presence of some CD4" CDS' (double-negative) CD3 + T cells and possibly some CD4* CD8* (double-positive) T cells in each cell preparation. 



was best assessed within a few days after immunization. All 
cultures generated 0-actin PCR products of similar band in- 
tensities. After culture with Agl/II, PP, MLN, and spleen cells 
from mice immunized with SBR alone revealed mRNAs for 
IFN-7 and IL-2, but only PP and spleen cells also revealed IL-4 
mRNA, whereas IL-5 mRNA was detectable in all cell cultures 
regardless of stimulation (Table 1). PP cells from mice immu- 
nized with SBR-CTA2/B, without or with CT adjuvant, did not 
reveal mRNA for IFN-7 or IL-2, even after culture with Agl/II, 
and MLN cells from these animals revealed variable IFN-7 and 
IL-2 mRNA responses. However, PP, MLN, and spleen cells 
revealed IL-4 mRNA particularly after stimulation with Agl/II, 
whereas all cultures were positive for IL-5 mRNA. Likewise, 
mRNAs for IL-6 and IL-10 were found in all ceil cultures, 
regardless of immunization or in vitro stimulation (data not 
shown). Most notably, immunization with SBR-CTA2/B (with- 
out or with CT) resulted in a decrease of Ag I/I I -specific Thl 
activity, as revealed by diminished expression of IFN-7 and 



IL-2 mRNAs in PP cells, and increased Th2 activity (IL-4 
mRNA expression) in MLN cells in comparison with immuni- 
zation with SBR alone (Table I). There was an increase in 
IFN-7 and IL-2 expression (in response to stimulation with 
Agl/II in vitro) in PP, MLN, and spleen cells from mice im- 
munized three times with SBR alone relative to cells from mice 
immunized twice (not shown). Likewise, spleen cells from mice 
immunized three times with SBR-CTA2/B (without or with 
CT) showed increased Agl/II-specific expression of IFN-7, 
IL-2, and IL-4 relative to twice-immunized mice. Cells from 
unimmunized mice did not respond in culture with Agl/II by 
the expression of IFN-7, IL-2, and IL-4 mRNAs above that 
revealed in control cultures, except that spleen cells showed 
weak evidence of IFN-7 expression upon culture with Agl/II. 
Thus, PP and MLN cells from mice immunized with SBR alone 
revealed type 1 (IFN-7 and IL-2) as well as type 2 (IL-4) 
cytokine responses upon stimulation in vitro, whereas cells 
from the same organs of mice immunized with SBR-CTA2/B 
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TABLE 1. Cytokine expression in PP, MLN, and spleen cell cultures of mice immunized with SBR, SBR-CTA2/B, or SBR-CTA2/B pIusCT 
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* Mice were immunized three times at 10-day intervals, and organs were collected 3 days after the last immunization. 
b Cells were cultured in vitro for 24 h without (control) or with Agl/II (0.1 M-g/ml). 

c Cytokine mRNA expression detected by RT-PCR and scored according to the presence of an ethidium bromide-stained band of appropriate molecular size. -, no 
detectable band; +, clear band. 



chimeric protein (without or with CT) revealed IL-4 but little 
or no type 1 cytokine response. 

DISCUSSION 

Lymphocytes taken from the PP and MLN of mice immu- 
nized i.g. with SBR or with SBR-CTA2/B without or with CT 
as adjuvant were capable of proliferating in vitro when stimu- 
lated with Agl/II, showing similar overall patterns of T-cell 
responses to the different regimens and stages of immunization 
as the serum and salivary antibody responses. Immunization 
with SBR alone induced the lowest proliferative responses in 
PP and MLN cells, and this was reflected also in the finding 
that there was little change in the proportions of CD4 + and 
CD8 + T cells in these organs. Moreover, the pattern of cyto- 
kine expression in the cells from PP and MLN of these mice 
suggested a mixed type 1 and type 2 helper activity, possibly 
arising from the different types of cells in the culture, or indi- 
cating regulation by ThO cells (8). Coupling SBR to CTB in the 
form of the SBR-CTA2/B chimeric protein enhanced its im- 
munogenicity with respect to T-cell responses in PP and MLN, 
and the addition of CT as an adjuvant further elevated these 
responses. Furthermore, the cytokine expression pattern in PP 
and MLN cells from mice immunized with SBR-CTA2/B (with 
or without CT) indicated that T-cell help was skewed toward 
Th2 activity. In part, these shifts might be explained by the 
enhanced migration of cells from PP to MLN and thence into 
the circulation and effector sites of mucosal immunity, but the 
decrease in Thl cells in PP was not matched by a correspond- 
ing increase in MLN or spleen in this cross-sectional study. The 
finding of IL-5, IL-6, and IL-10 mRNAs in cell cultures re- 
gardless of antigen stimulation in vitro is not readily explained 
in terms of enhanced Th2 cell activity but may indicate consti- 
tutive expression of these cytokines or their continued expres- 
sion ex vivo after immunization. It is also possible that IL-6 and 
IL-10 mRNAs were derived from macrophages present in the 
cell cultures, although these would be largely adherent and 
unlikely to be harvested along with the lymphocytes. 

The proportions of CD4 + T cells in PP increased after each 
additional dose of these immunogen preparations, but a cor- 
responding increase was seen in MLN cells only from mice 
immunized with SBR-CTA2/B chimeric protein and CT adju- 
vant. The finding that these T-cell responses occurred in PP 
and MLN as early as after the first immunization, at least with 
SBR-CTA2/B, showed that antigen-sensitized T cells were elic- 
ited before IgA antibody responses became elevated in the 
effector sites of mucosal immunity such as salivary glands. The 
responses in MLN and PP were different, as significant prolif- 



erative responses and increased proportions of CD4 + cells 
during the course of immunization were developed in MLN 
cells only when CT was used as an adjuvant, and moreover, 
MLN from all mice contained higher proportions of T cells of 
both phenotypes than corresponding PP. The proportion of 
CD8 + cells was higher in MLN than in PP, but as it was not 
reduced by the administration of CT as an adjuvant, it appears 
that the enhanced Agl/II -specific proliferation in MLN cells 
from mice given CT is not due to inhibition of CD8 + suppres- 
sor cells by CT (10). The spleen, a nonmucosal lymphoid or- 
gan, displayed little or no response in terms of antigen-specific 
proliferating T cells, despite the considerable elevation of se- 
rum IgG antibodies especially when SBR-CTA2/B was given 
together with CT adjuvant. This finding is consistent with the 
relatively modest numbers of specific antibody-secreting cells 
found in the spleen after i.g. immunization with Agl/II chem- 
ically conjugated to CTB and given with CT (36, 43). It is 
noteworthy that throughout these experiments, although the 
mice were immunized with SBR or SBR-CTA2/B chimeric 
protein, which represents residues 186 to 577 of Agl/II, both 
antibody and T-cell responses could be detected with intact 
Agl/II. This finding implies that SBR retains sufficient confor- 
mational structure similar to that of the corresponding part of 
the whole Agl/II molecule and that both are processed simi- 
larly by antigen-presenting cells. 

These responses are in accordance with the concept of the 
common mucosal immune system and the dissemination of 
antigen-sensitized T and B cells from the inductive sites such as 
PP through the MLN that drain the lymph flow from the small 
intestine and thence into the circulation prior to relocation in 
the effector sites of mucosal immunity, including the salivary 
glands (27). Thus, i.g. immunization with SBR, especially when 
coupled to CTB in the form of a chimeric protein, leads to the 
appearance of antigen-responsive T cells in both PP and MLN. 
Because few cells were recoverable from blood, it was not 
practically possible to t race the appearance of such cells in the 
circulation, although this has been well documented in humans 
(I, 38), and the transient circulation of specific antibody-se- 
creting cells, predominantly of the IgA isotype, approximately 
1 week after mucosal immunization has been demonstrated in 
human and animal systems (3, 19, 35, 36). Curiously, perhaps, 
it appears that the peak of circulating antigen-specific T cells 
occurs after the peak of circulating antibody-secreting cells (1), 
and in the present experiments, an increased proportion of 
CD4 + T helper cells was found in the peripheral blood of mice 
10 days after the second or third dose of SBR-CTA2/B, espe- 
cially if CT was also given as an adjuvant. Cytokine-secreting T 
cells are known to occur in effector sites of mucosal immunity, 
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such as the intestinal lamina propria and salivary glands (15, 
32). 

CT has been shown to enhance T helper responses in intes- 
tinal tissues, and particularly the response of the Th2 subset 
that is held to promote high levels of serum IgG and mucosal 
IgA antibody responses (17, 25, 29, 39, 44). We have likewise 
found evidence of type 2 cytokine production by antigen-spe- 
cific T cells in nasal passage-associated lymphoid tissue and the 
draining cervical lymph nodes of mice immunized intranasally, 
as well as in PP and MLN of mice immunized i.g., with Agl/II 
conjugated to CTB (41, 42). CT has also been reported to 
deplete selectively CD8 + intraepithelial lymphocytes (10), and 
while the functions and migratory potential of these cells are 
incompletely understood, any such effect within inductive sites 
such as the PP would also serve to elevate the proportion of 
CD4 + T cells. However, in this study, although the proportion 
of CD8 + cells declined slightly in some tissues, this decrease 
appeared to occur concomitantly with an increase in the num- 
ber of CD3 + cells, in particular the CD4 + subset. Whether 
CTB itself can serve as an adjuvant in the absence of intact CT 
has been controversial. Synergism between CTB and CT has 
been demonstrated (23, 37, 40), and most commercially avail- 
able, non recombinant preparations of CTB contain small 
amounts of intact CT that may be sufficient to show this effect. 
Working with chemical conjugates of Agl/II and CTB deliv- 
ered i.g., we previously demonstrated that even with nonre- 
combinant CTB, it was necessary for the antigen to be coupled 
to CTB and for intact CT to be coadministered (4, 36). How- 
ever, both this study and our previous reports (11, 13) show 
that the genetically constructed SBR-CTA2/B chimeric pro- 
tein, in which the toxic CTA1 subunit has been deleted, is 
clearly able to induce mucosal and circulating antibodies with- 
out the necessity for additional CT. Although the adjuvant 
activity of CT may be closely linked to its toxicity, which is a 
function the ADP-ribosyltransferase activity of the Al subunit 
(24), recent reports suggest that adjuvanticity of the related E. 
colt heat-labile enterotoxin can be dissociated from toxicity (6, 
7). Fusion proteins of CTB directly coupled to other antigenic 
peptides have been constructed, but the conformation of CTB 
and its ability to form G M1 -binding pentamers tend to be 
disrupted by peptides longer than approximately 12 amino acid 
residues (5, 31), and moreover, their mucosal immunogenicity 
seems to be limited in the absence of additional CT. These 
limitations do not apply to SBR-CTA2/B chimeric protein, in 
which a large 42-kDa segment of protein is fused to the CTA2 
subunit, which couples it noncovalently to the CTB pentamer 
to preserve its G M1 ganglioside-binding activity. The enhanced 
enteric immunogenicity of SBR-CTA2/B chimeric protein, 
even in the absence of CT, is advantageous for an oral vaccine, 
as recombinant CTB has been shown to be a safe and effective 
immunogen in humans (18). 

We therefore conclude that i.g. immunization with SBR, 
especially when genetically coupled to CTB to enhance both 
mucosal and circulating antibody responses, induces T-cell re- 
sponses in the gut-associated lymphoid tissues such as PP and 
MLN. Furthermore, these T-cell responses occur after one or 
two doses of immunogen, earlier than the antibody responses, 
and include increased proportions of CD4 + T helper cells. The 
responses are enhanced by, but are not dependent on, the 
addition of CT as an adjuvant. 
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he mucosal surfaces of the 
body are constantly exposed to 
a myriad of benign foreign 
antigens that are acquired 
phrough eating, breathing and touching, 
!j| pimong others. Superficially, environmental 
or food antigens appear to be substantially 
ignored by the healthy immune system, 
which regards them as harmless. Indeed, we 
might actually show measurable immuno- 
logical tolerance to them 1 . Relatively few 
molecules are highly immunogenic when 
they contact mucosal surfaces, in the sense 
■ <hat they generate strong humoral and se- 
cretory antibody responses. Such molecules 
are often referred to as mucosal immunogens. 

The most powerful mucosal immunogens that are recognized to 
<iate are cholera toxin (CT) and Escherichia coli heat-labile enterotoxin 
(LT), the molecules that cause the debilitating watery secretions typi- 
cal of cholera and traveller's diarrhoea, respectively". The mucosal 
immune system somehow recognizes that these toxins are a threat 
«nd, a short time after they make contact with a mucosal surface, a 
jwerful immune response is mounted against them. This antitoxin 
nse is so potent that sometimes a strong and easily measurable 
une response is also activated against foreign bystander 
molecules that are present simultaneously at the mucosal surface 4 . 
! As a consequence of this immunopotentiating property, CT and 
LT have been investigated extensively and exploited as mucosal 



Escherichia coli heat-labile 
enterotoxin and cholera toxin are 
potent mucosal immunogens and 
adjuvants in animal models. Non- 
toxic mutants retaining adjuvant 
activity are useful tools to dissect 
the mechanism of mucosal 
adjuvanticity and promising 
candidates for development of 
human vaccines and 
immunotherapy. Clinical trials are 
expected to proceed in the near 
future. 



immunogens and adjuvants in animal mod- 
els 5 - 6 . However, the high toxicity of CT and 
LT- makes them unsuitable for practical 
human use 2 , thus prompting recent efforts to 
dissect the mucosal immunogenicity and ad- 
juvanticity of CT and LT from their toxicity. 
Site-directed mutagenesis, guided by the 
crystal structure of the molecule and cou- 
pled with molecular modelling 7 , has clari- 
fied our understanding of what makes these 
molecules so special in terms of mucosal im- 
munity by disclosing the role of the receptor- 
binding domain, the B subunit, the A sub- 
unit and the enzymatic activity of LT and CT 
(Ref. 8). Critically, the use of highly purified 
recombinant material has also clarified com- 
promised observations made previously with toxin-contaminated 
LT and CT B subunit derivatives (LTB and CTB, respectively) 8 - 10 . 



The relationship between structure and functi n of LT 
and CT 

CT and LT belong to the AB class of bacterial toxins 11 . The two mol- 
ecules have high homology (80% identity) in their primary struc- 
ture 12 - 13 and superimposable tertiary structures 14 . Both toxins are 
composed of a pentameric B oligomer that binds the receptors) 
on the surface of eukaryotic cells, and an enzymatically active A 
subunit that is responsible for the toxicity (Fig. 1). 
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Fig. 1. The sequence of events during cell intoxication. (1) Schematic representation of heat-labile enterotoxin (LT), showing the A and B submits, their 
structural and functional significant features and the site of proteolytic cleavage of the loop between the A x and A 2 domains. (2) LT binds the receptor 
located on the plasma membrane of eukaryotic cells. (3) LT is internalized into vesicles. (4) The vesicles are transported to the Golgi apparatus where At 
holotoxin is disassembled, (5) The A subunit is transported from the Golgi to the endoplasmic reticulum (ER), the A or the A } subunit is translocatedfrom 
the ER to the cytosol, where it can interact with the soluble ADP-ribosylation factor (ARF). (6) The activated A x migrates to the plasma membrane wkat 
the substrate G, is located. The ADP-ribosylation of the a subunit ofG t induces permanent activation of adenylate cyclase and intracellular mxummbtiid^ 



nfrAAAP AMwrnnH'rm<- AAr nArmilnt* f*>trlfw r AAAP rytrlir'AMP 




The 8 oligomer 

The B oligomer is a pentameric molecule of 55 kDa, containing five 
identical polypeptide monomers. The structure is compact, trypsin- 
resistant and requires boiling in the presence of sodium dodecyl sul- 
phate to be dissociated. The five subunits are arranged in a cylinder- 
like structure, with a central cavity that exposes, on one side, five 
lethcal cavities that are responsible for binding to the eukary- 
cell receptor 14 (Fig. 1). The receptor binding site is specific for a 
ety of galactose-containing molecules and shows a different fine 
specificity between LT and CT. CT binds mostly to the ganglioside 
GM1, which is believed to be the major toxin receptor 15 , whereas LT 
binds not only GM1 (Ref. 16) but also other glycosphingolipids 17 , 
glycoprotein receptors present in the intestine of rabbits and hu- 
mans 18 * 19 , polyglycosilceramides (PCGs) 20 and paragloboside 17 . Fur- 
thermore, the two variants of LT, human LT (hLT) and porcine LT 
(pLT), which differ by only four amino acids 21 , are identical in their 
binding to glycoproteins and PCGs, but different in binding to para- 
globoside; pLT but not hLT binds paragloboside 20 . The different re- 
ceptor binding activities of the LT and CT might be significant for the 
qualitatively different immunological properties that are exhibited 
by the two molecules, as will be discussed later. 

Overall, two properties are associated with the B oligomer (1) the 
ability to bind the receptor; and (2) to induce apoptosis of CD8* cells 
and, to a lesser extent, CD4* T cells (Fig. 1). 




The A subunit 

The A subunit is composed of a globular structure linked to the B 
oligomer by a trypsin-sensitive loop and a long a helix, the C- termi- 
nus of which enters into the central cavity of the B oligomer, thus 
anchoring the A subunit to the B pentamer 14 . Following protease 
vage of the loop, the A subunit is divided into the globular 
matkally active) Aj and the C-terminal A 2 fragments that 
remain linked by a disulphide bridge between the A,-Cysl87 and 
the A 2 -Cysl99 (see Fig. 1). Proteolytic cleavage of the loop and 




reduction of the disulphide bridge are both necessary for activation 
of the enzyme 22 . This loop is un cleaved when the molecules are pro- 
duced in £. coli, however it is cleaved by a specific protease when 
molecules are produced in Vibrio choleraeP, The Aj subunit contains 
an ADP-ribosylating enzymatically active pocket that binds nicotin- 
amide adenine dinucleotide (NAD) and transfers the ADP-rfbose 
group to the a subunit of several GTP-binding proteins that are in- 
volved in signal transduction. The consequences of transferral to G„ 
the GTP-binding protein that regulates the activity of adenylate 
cyclase, are the best studied 1U4 - 25 . G s ADP-ribosylation causes per- 
manent activation of adenylate cyclase and abnormal intracellular 
accumulation of cAMP (Ref. 26; Fig. 1). 

A peculiar feature of CT and LT is that the basal ADP-ribosyl- 
transferase activity is enhanced by interaction with 20-kDa GTP- 
binding proteins, known as ADP-ribosylation factors (ARFs). ARFs 
play a crucial role in vesicular membrane trafficking in both endo- 
cytic and exocytic pathways, and contribute to the maintenance 
of organelle integrity and assembly of coat proteins in eukaryotic 
cells 27 . Overall, the A, fragment can be seen as having at least 
two independent functions: enzymatic activity and ARF binding 
(Fig- 1). 



The toxic sequence 

The sequence of events that takes place during intoxication of eu- 
karyotic cells 28 " 30 can be summarized as follows (see Fig. 1). The 
toxin binds the receptor and is internalized into vesicles that trans- 
port it to the Golgi compartment. Subsequently, the A and B sub- 
units are dissociated, and the A subunit is transported from the 
Golgi to the endoplasmic reticulum (ER), whereas the B subunit per- 
sists in the Golgi and is later degraded. The Aj subunit is then 
translocated from the ER to the cytosol, where it can interact with the 
soluble ARF and be activated. Finally, the A, subunit ADP-ribosyl- 
ates the a subunit of G,, and possibly other G proteins located on the 
plasma membrane. 
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j Fig. 2. Three-dimensional structure of the A subunits of (a) wild- type heat- 
! labile entero toxin (LT) and (b) LTK63 represented as a-carbon trace and 
' as solvent-exposed surfaces. The a helix and the f$ strand that form the 
. nicotinamide adenine dinucleotide (NAD)-binding site are highlighted 
j in red; the residues at position 63 [serine in the wild-type LT (a) and lysine 
in the LTK63 mutant (b)] are shown in yellow. The large, charged side<hain 
of the lysine in position 63 fills the NAD-binding cavity, thus obstructing it. 

Mutant toxin production and evaluation 

j To study the structure-function of CT and LT as well as to define 
j molecules that are non- toxic but still active as mucosal adjuvants 
and immunogens, more than 50 different site-directed mutants have 
been produced 8 " 10 - 31 " 39 . The best characterized and most relevant are 
described below (see Table 1). 




Mutants of the 8 subunit 

Independently expressed B subunits were the first non-toxic deriva- 
tives of CT and LT to be produced. An oral vaccine against cholera, 
which contains recombinant CTB as a component has been devel- 
oped and thoroughly evaluated in animals and humans 40 . In this 
vaccine, CTB seems to act only as an immunogen and not as an ad- 
juvant. Initial commercial preparations of CTB, in which the B sub- 
unit was purified from the active toxin* were associated with adju- 
vant activity; however, much of this activity was derived from 
contarnination with active CT (Refs 41, 42). LTB seems to have a 
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A mutant in LTB, defective in receptor binding (LTB/D33, con- 
taining a glycine to aspartic acid substitution at position 33), is non- 
immunogenic at mucosal surfaces, suggesting that an intact receptor 
binding site is necessary both for binding and immunogenicity 44 . 
Whether LT mutants that are defective in receptor binding, with 
and without enzymatic activity, are still active as adjuvants is con- 
troversial 37 ** 5 . Non-binding LTB mutants also lose other immune- 
modulating activities, including their ability to induce apoptosis of 
CD4 + and CD8* cells 44 - 46 . 

Mutants that are deficient in enzymatic activity 
Holotoxoids, which are complete knockouts of enzymatic activity, 
have no toxicity in vitro or in vivo. This class of mutants includes 
LTK63 and CTK63, which contain a serine 63 to lysine substitution in 
the A subunit. They are assembled efficiently, stable on storage 32-34 - 47 
and have functional receptor and ARF-binding domains 48 . The X-ray 
structure of LTK63 is identical to the wild-type LT across the entire 
molecule, with the exception of the active site where (as shown in 
Fig. 2) the bulky side chain of lysine 63 fills the catalytic cavity, thus 
making it unsuitable for enzymatic activity 49 . LTK63 is an excellent 
mucosal adjuvant, although the activity is reproduribly reduced in 
comparison with LT (Refs 8, 10, 50-53; Table 1; Fig. 3a), whereas 
CTK63 is a poor adjuvant 10 (Table 1; Fig. 3a). This adjuvant activity 
has been demonstrated using a wide range of antigens, including 
model antigens such as ovalbumin and protective antigens from bac- 
terial and viral pathogens. Interestingly; LTK63 is consistently a bet- 
ter immunogen than LTB (Refs 8, 33, 39), suggesting an important 
role for the enzymatically inactive A subunit in the induction of an 
immune response. This is a property that might reflect not only the 
larger number of B- and T-cell epitopes provided by the A subunit 
but also its ability to influence intracellular events, such as antigen 
processing and presentation. In addition, the poor adjuvanticity of 
CTK63 has been associated with poor immunogenicity 10 - Differences 
between the adjuvant activity of LTK63 and CTK63 might reflect the 
effect of the different receptor binding affinities of these proteins. 
Other CT holotoxoid mutants that are described in the literature as 
mucosal adjuvants include CTF61 and CTK112 (containing serine 61 
to phenylalanine and a glutamic acid 112 to lysine substitutions, re- 
spectively). However, it is important to point out that in those ex- 
periments, the amount of CT mutants used was ten times higher 
than that of wild- type CT (Ref. 38). These controversial results will 
be discussed later. 

A further class of mutant molecules contains LTR72 (with an ala- 
nine to arginine substitution in position 72 of the A subunit) and 
CTS106 (with a proline to serine substitution in position 106 of the A 
subunit). These mutants have approximately 1% of the wild- type 
ADP-ribosylating activity, in vitro toxicity in Yl cells reduced by a 
factor of 10M0 5 and approximately 1% toxicity in vivo (Fig. 3b). Both 
LTR72 and CTS106 are excellent mucosal adjuvants, being as effec- 
tive as LT and CT, respectively* 10 (Table 1; Fig. 3a). These two mutant 
holotoxoids might have their toxicity reduced sufficiently for sale 
use in humans, although still mamtaining a little enzymatic activity, 



nts 'mthe proteose-sensrtrve loop 
tants in this region were constructed to 
the loop insensitive to proteases and 
ice eliminate the susceptibility of the 
toxin to the cleavage required for activation 
of the enzymatic activity and toxicity. 
The best characterized mutant is LTG192, 
in which arginine 192 is replaced by a 
one 35 - 505 . In vitro, the mutant is com- 
pletely trypsin-resistant; however, in vwo, 
proteases other than trypsin can cleave the 
loop and activate the toxin, as toxicity is de- 
tectable. The toxicity observed in Yl cells is 
approximately 10 3 times lower than the 
wild-type toxin during the first 8 h of incu- 
bation, becoming only 5-10 times lower than 
wild-type following longer incubation 54 . In 
practice, this molecule takes longer to be ac- 
tivated but delivers approximately the same 
total enzymatic activity as wild-type. The 
difference is that the delivery of the active 
toxin is diluted over a longer period of time. 
bi vivo, in the rabbit ileal loop, very little dif- 
ference in toxicity is observed between 
192 and wild-type LT (Ref. 56; Fig. 3b). 
oing human trials are expected to estab- 
the safety profile of this molecule 56 . 
LTG192 is indistinguishable from wild-type 
toxin both in terms of immunogenicity and 
adjuvanticity (Table 1; Fig. 3a). 
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Recombinant A subunit 
An alternative approach to separate the ad- 
juvant activity of LT and CT from toxicity 
has been the use of the A subunit alone. The 
A subunit of CT has been expressed as a 
fusion protein with a B-cell targeting moiety 
and the two Ig-binding domains (DD) of staphylococcal protein A, 
and hence called CTA1-DD fusion protein. This molecule retains the 
adjuvant activity of CT by directing the enzymatic activity of the A 
subunit to B cells and possibly other antigen-presenting cells 57 . En- 
zymatically inactive CTA1-DD derivatives fail to induce an adjuvant 
response following systemic immunization showing that the adju- 
vant effect of CTA1-DD depends on the enzymatic activity 56 . How- 
ever, whether the enzymatic activity of these fusions is also essential 
for mucosal adjuvanticity has not yet been investigated. 

In other experiments, both the His-tagged form of LTA, and the 
His-tagged form of the enzymatically inactive derivative LTA-K112 
TA(His) 10 and LTA-K112 (His) icv respectively] have been reported 
retain the mucosal adjuvant properties of the wild-type toxin, sug- 
gesting that in this case the adjuvant effect is independent from 
ADP-ribosylation 37 . The mechanism by which a His-tagged A sub- 
unit can be internalized in the absence of a receptor binding domain 



Fig. 3. (a) Immunoglobulin (Ig) immune response to bystander antigens in sera of mice immunized 
intranasally with wild-type (wt) cholera toxin (CT) and heat-labile enterotoxin (LT) and their geneti- 
cally detoxified derivatives as adjuvants. Results are shown as mean titres of antigen-specific anti- 
bodies, (b) In vivo toxicity in the rabbit ileal loop assay. Toxicity is expressed as the fluid accumulation 
(ratio of the amount of fluid collected in each loop to the length of the loop) induced by different 
amounts ofLT and its genetically detoxified derivatives. 



is unclear. It is possible that the polycationic histidine peptide tail j 
could provide a non-specific cell binding activity 59 . j 



Non-toxic mutants act also as oral adjuvants 

Most of the results so far described were obtained in mice by using 
the intranasal route for immunization. This route is very convenient 
because immunogenicity and adjuvanticity can be induced by using 
as little as a fraction of a microgram of antigen and adjuvant. 
Whether the conclusions so far reached are valid also for the oral 
route remains unresolved in the literature. Oral immunization usu- 
ally requires large amounts of antigen (100-5000 u.g) and adjuvant 
(at least 50 ^.g), and therefore most experiments are technically com- 
promised by the potential involuntary intranasal contamination 
with small fractions of the vaccine during oral immunization. A sec- 
ond factor especially critical for oral adjuvanticity is the structural 
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Fig. 4. The results of a dose-response experiment that show the relative con- 
tribution of the B subunit, the non-toxic AB complex and the enzymatic 
activity to adjuvanticity. 

stability and protease sensitivity of both the mutants and the by- 
stander antigen. This can influence the in vivo persistence of the 
hoiotoxin structure and therefore its activity. Recent studies taking 
into account the above technical problems, have come to the conclu- 
sion that LT, LTG192 and the non-toxic LT derivative LTK63, act 
as oral adjuvants to varying degrees. The B subunit alone is less 
successful as an adjuvant via this route 60 . 



Effects on the immune system 

The literature describing the behaviour of LT and CT on the mucosal 
immune system is extensive and in many places contradictory. CT- 
mediated adjuvanticity appears to be accompanied by a preferential 
activation of T helper 2 (Th2)-cype CD4" cell populations. This 
comes from the observation that mucosal immunization with anti- 
gens plus CT induces increased production of interleukins (IL) 4, 5 
and 10, the predominant production of immunoglobulin Gl (IgGl) 
isotype and induction of antigen-specific IgE (Ref. 6). More recently 
this polarization of the immune response towards a Th2 functional 
phenotype has been shown to be caused by the ability of CT to in- 
hibit both the production of rL-12 p70 and the expression of the £1 
and P2 chains of the rL-12 receptor. This might lead to the functional 
suppression of Thl cell differentiation and to polarization towards a 
Th2-type response 61 . The ability of CT to polarize the immune re- 
sponse towards Th2 and to induce a selective upregulation of the 
B7-2 expression 62 is also maintained by enzymatically inactive 
mutants such as CTK112 (Ref. 63). 

This polarization in the T-cell response is much less pronounced 
when LT is used as a mucosal adjuvant with both Thl and Th2 cells 
being activated 5 . In addition, recent studies suggest that LT mutants 
with one single amino acid substitution in the A subunit have dif- 
ferent behaviours in the activation of the CD4 + cell subpopulation. 
In these studies, the fully non-toxic LTK63 mutant promoted T<ell 
responses with a mixed Thl-Th2 profile, whereas the LTR72 mutant 
which retained residual enzymatic activity, induced a more polar- 



The polarization of the immune response seems to be affected not 
only by the different adjuvant molecules used, but also by the route 
of immunization 64 . 



Conclusions 

Binding to mucosal receptors is a danger signal 
Receptor binding is necessary for LT and CT to induce a mucosal im- 
mune response. This suggests that receptor binding is sufficient to 
differentiate LT and CT from the thousands of other molecules that 
associate with the mucosal surfaces without inducing a similar re- 
sponse. This observation is likely to be generally applicable to every 
molecule. 

Mucosal surfaces provide a physical barrier between the external 
environment and the body and the substances that come into con- 
tact with the mucosae usually do not closely interact with them. Ex- 
ceptions are the small molecules that interact with the receptors for 
odours and taste and the small-molecular-weight peptides that are 
taken up in the gut following digestion of the proteins present in the 
food. Therefore, it makes sense for the body to mount a vigorous im- 
mune response against every molecule that actively binds to mu- 
cosal surfaces. In fact, this might be a signal that a molecule is trying 
to behave abnormally and therefore is potentially dangerous. Sev- 
eral reports that describe the mucosal immunogenicity of proteins 
that bind to mucosal receptors support the above conclusion. How- 
ever, binding to the mucin layer of the gut rather than receptors on 
cells might not be sufficient to induce an immune response. Hence, 
some molecules with binding activity might not actually reach 
immune inductive sites or might be presented inappropriately, 
resulting in them being treated as environmental. 

The surprising finding that some enzymatically inactive mutants 
are good mucosal adjuvants, whereas other mutants are not can be 
explained by several factors: (1) their stability in vivo; (2) the effi- 
ciency of the ER targeting retention sequence (KDEL for CT and 
RDEL for LT) 65 - 66 ; and (3) the different specificity of the receptor- 
binding site. The differential binding of LT and CT to different re- 
ceptors might target the two molecules to different cell populations, 
thus changing their adjuvant effect. Because the receptors might be 
present in different tissues and in different animal species, we 
should consider the data reported here as relating only to intranasal 
delivery in the mouse. Therefore, it should not be too surprising if 
future studies will show CT mutants to be better adjuvants than LT 
mutants in different animal species or if delivered by different 
routes. 



TTie n ruaxk AB complex and enzymatic activity in adjuvanticitf 
The availability of molecuiarly defined mutants has enabled the rela- 
tive contributions of the B subunit the non-toxic AB complex and 
the enzymatic activity to adjuvanticity to be studied. A dose 
response curve comparing LTK63, LTR72, wild-type LT and LTB as 
adjuvants showed that the B subunit is a poor adjuvant at all doses 
(although some adjuvanticity is present at very high doses X whereas 



in . „1 



j that is dose-dependent (Fig. 4). By contrast, the enzymatic activity 
^^vides a dose-independent adjuvant effect above a certain thresh- 
^^>f activity. This threshold is reached at 13 ng with LT and at 
approximately 1 p.g with LTR72. 

The adjuvant activity of the non-toxic AB complex might derive 
from properties of the A subunit, such as the binding to ARF factors 
or the ability to interact with the vesicular transport system. This 
could allow antigens present in LTKxmtairung endosomes to reach 
the Golgi and the ER, thus facilitating their interaction with antigen- 
presenting systems. The marked dose dependence of the adjuvant 
activity of enzymatically inactive derivatives of LT and CT is enough 
to explain most of the controversial results present in the literature. 
Adjuvanticity can be demonstrated for virtually every molecule by 
increasing the dose used. To make sure that the best mutants are fi- 
nally selected for human use and that scientifically sound conclusions 
are reached, similar doses should be compared in future studies. 
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Eotaxin: from an eosinophilic chemokine to 
a major regulator of allergic reactions 



Jose Carlos Gutierrez-Ramos, Clare Lloyd and Jose Angel Gonzalo 



T 



he elegant identification of eo- 
taxin, a peptide with eosinophil 
chemotactic activities 1 ' 2 opened 
the door to our understanding 
of the molecular basis for the highly selec- 
tive eosinophil accumulation seen during al- 
lergic reactions. The molecular cloning of the 
gene encoding eotaxin^ 5 , and the subse- 
quent study of its sequence revealed that it 
belonged to a family of peptide chemoattrac- 
tants termed chemokines. The chemokines are 
peptide ligands for the seven-transmembrane 
G- protein-coupled receptors expressed on 
leukocytes, which elicit changes in adhesiveness, cell motility and 
chemotaxis 6 . Based on function and sequence homologies, it was 
evident that eotaxin belonged to the CG subfamily of chemokines 3 - 5 . 
-ru« <~r* „,u(~>miUr of r^flmnlcinps. which includes monocyte chemo- 



Eotaxin has a variety of effects on 
several cell types that are involved 
in the allergic inflammatory 
response. Here, Jose Carlos 
Gutierrez-Ramos and colleagues 
review the chemotactic effects of 
eotaxin on eosinophils and T helper 
type 2 cells, its differentiation and 
migration effects on mast cells and 

its actions on progenitors and 
mature cells in the bone marrow. 



(MIPs) among others, acts predominantly on 
monocytes, lymphocytes and non- neutrophil 
granulocytes (reviewed in Ref. 6). 

The protein product of the eotaxin gene 
was shown to be a very potent and effi- 
cacious chemoattractant for eosinophils in 
vivo and in vitro 3 " 5 . It is present and its syn- 
thesis regulated during allergic reactions 
and other pathological processes in which 
eosinophils are thought to play a role 7 " 11 . 
These clues were expeditiously followed 
by several groups, whose efforts resulted in 
the cloning of the gene encoding the eotaxin 
receptor, CCR3 (Refs 12, 13). 

The identification of a chemotactic factor for eosinophils and its 
receptor was only the beginning of a series of findings that raised 
eotaxin to a unique position among the players in allergic inflammation 
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Abstract 

^^ertain bacterial molecules potentiate immune responses to parenteral^ administered antigens. One such molecule that has 
Hftn intensely investigated is cholera toxin, a type I heat-labile enterotoxin produced by the Gram-negative bacterium Vibrio 
Cholerae. Immunization with a mixture of a foreign antigen and cholera toxin enhances the immune response to the antigen 
Sunilar adjuvant activity is associated with LT-I, a closely related type I heat-labile enterotoxin produced by Escherichia coli. The 
adjuvant activities of LT-IIa, a member of the type II heat-labile enterotoxins produced by E. coli, have not been described. 
LT-IIa and CT differ significantly in amino acid sequence of the B polypeptides and in receptor binding affinity. In this study, 
rats were subcutaneously immunized with fimbrillin, a protein isolated from the -bacterium Por.phyromonas gingival, and with 
fimbrillin w combination with LT-IIa, the prototypical type II enterotoxin. Previous studies documented that fimbrillin 
administered alone is a poor immunogen. Animals immunized with the mixture of fimbrillin and LT-IIa produced high titers of 
specific IgG antibody directed against fimbrillin. Anti-fimbrillin antibody titers in sera from animals receiving the combination of 
LT-IIa -f fimbrillin were comparable to those obtained from sera of animals immunized with cholera toxin -f fimbrillin. The results 
of these experiments demonstrate that LT-IIa exhibits an adjuvant activity that is equal to that of cholera toxin. Recombinant 
methods have been established for producing large amounts of LT-IIa, an advantage that will likely provide an economic impetus 
to consider incorporating the enterotoxin as an immunostirnulaiory agent in future vaccines. © 1998 Elsevier Science B.V. All 
rights reserved. 

Keywords: Adjuvant; Enterotoxin; Fimbrillin; LT-IIa 



The heat-labile enterotoxins produced by Escherichia 
coli and Vibrio cholerae belong to a family of proteins 
that are related in structure and function [1]. Members 
of this family include cholera toxin (CT) expressed by 
V. cholerae and the enterotoxins LT-I and LT-IIa, 
expressed by enterotoxigenic strains of Escherichia coli 
[2]. All members of the family are oligomeric proteins, 
jpposed of a single A subunit that is non-covalently 

♦Corresponding author. Tel: +1 716 8293364; fax: +1 716 
8292158: e-mail: tconnell@ubmedd.bufTalo.edu or 

connell@acsu.buffalo.edu 



bound to a pentameric array of B polypeptides [2]. 
Treatment of holotoxin with trypsin cleaves the A 
polypeptide into two fragments joined by a disulfide 
bond [3]. The Al fragment is a potent ADP-ribosyl 
transferase that is responsible for the enterotoxigenic 
effects, while the A2 fragment derived from the C-ter- 
minal end of the A polypeptide non-covalently binds 
the A subunit to the B pentamer. The B pentamer 
mediates binding of the enterotoxin to gangliosides [4], 
a heterogeneous family of sugar-containing lipids on 
the surface of mammalian cells [5]. Each enterotoxin 
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has a unique ganglioside-binding specificity [4], CT 
binds to ganglioside GM1 (GMl), whereas LT-l binds 
to GM1 and several glycoproteins [6]. LT-IIa binds 
with strong affinity to ganglioside GDlb (GDtb), and 
with less affinity to gangliosides GDI a, GMl, GTlb, 
GQlb, and GD2 [4]. The property to recognize differ- 
ent receptors likely enables the enterotoxins to bind to 
the surface of different cells or tissues [7]. 

CT, LT-I and LT-IIa have been purified and the 
operons encoding the A and B subunit genes have been 
cloned and sequenced (reviewed in [2]). Comparisons of 
the predicted amino acid sequences show that the A 
polypeptides of CT, LT-I, and LT-IIa are similar (at 
least 50% identity) [2]. In contrast, the B polypeptides 
of CT and LT-l, while highly homologous to each other 
(at least 80% identity), have little or no homology to 
the B polypeptides of LT-IIa (less than 14% identity). 
The differences in amino acid sequences are sufficient to 
produce antigenic heterogeneity between the members 
of the family. Antisera against CT and LT-I will not 
react with LT-IIa, and vice versa [2]. Based on differ- 
ences in immunoreactivity, the family of heat-labile 
enterotoxins was divided into two classes, the type I 
and type II enterotoxins. Type I enterotoxins include 
CT and LT-I, while LT-IIa, and a related enterotoxin, 
LT-IIb, comprise the type II class of heat-labile 
enterotoxins. 

CT is a highly immunogenic protein that stimulates 
potent secretory and systemic immune responses [8,9] 
and is known to have adjuvant activity. Both secretory 
and humoral immune responses to foreign antigena are 
enhanced when an animal is immunized with a mixture 
of antigen and CT [10]. Whereas adjuvant activity is 
most pronounced when CT holotoxin is employed, it 
has been demonstrated that immunization with the 
non-toxic B pentamer also elicits an enhanced immune 
response to foreign antigens [10,11]. These studies sug- 
gest that the immunomodulatory properties of CT are 
associated, in part, with GM1 -binding activity. 

While the adjuvant activity of CT has been estab- 
lished, the potential of the type II heat-labile entero- 
toxin LT-IIa for enhancing immune responses has not 
been investigated. We hypothesized that with its bind- 
ing affinity for a variety of gangliosides, LT-IIa may 
bind to and stimulate cells of the immune system that 
are not bound or stimulated by CT or may bind to the 
same cells in larger quantities. In either case, we pre- 
dicted that the adjuvant activity of LT-IIa, if present, 
would be equal or greater than that of CT. 

To determine if LT-IIa has adjuvant activity and to 
compare that potential adjuvant activity with that of 
CT, conventional Sprague-Dawley rats were immu- 
nized with fimbrillin in the presence or absence of 
purified CT or LT-IIa (a gift from Dr R.K- Holmes). 
Fimbrillin is the major, polypeptide comprising the 
fimbria! structure = ofV^;Gram-negatiye nil pathogen 



Porphyromonas gingivalis [12]. Parenteral immunization 
with fimbriae elicits only a weak anti-fimbrillin anti- 
body response in the rat model [13]:' For these experi- 
ments, five groups of rats (n = 4-8 rats per group) were 
immunized with purified fimbrillin [13], CT, LT-IIa, 
CT + fimbrillin, or LT-IIa + fimbrillin. Rats (n = 6) 
that received sham immunizations of buffer without 
enterotoxin or fimbrillin served as a control group.- 
Solutions used for immunizations contained entero- 
toxin and fimbrillin at concentrations of 10 /zg/ml and 
100 /*g/ml, respectively. One hundred microlitres of the 
immunizing solutions were administered subcuta- 
neously at each of two sites. The amounts of entero- 
toxin (2 /*g).and antigen (20 //g) used were comparable 
to amounts of antigen used in similar immunization 
studies [7,13]. Phosphate-buffered saline (PBS) was 
used as the diluent in all cases. Rats were immunized at 
day 0 and at day 28 with enterotoxin, fimbrillin* or 
enterotoxin -h fimbrillin, as appropriate. Forty-two days 
after the primary immunization, animals that were im- 
munized with fimbrillin, CT 4- fimbrillin, and LT-IIa + 
fimbrillin received a second booster immunization of 
fimbrillin. The remaining groups (CT, LT-IIa, and the 
control group) received sham immunizations of PBS at 
day 42. A blood sample was collected from the lateral 
tail vein of each rat prior to the initial immunization 
(day 0) and at days 14, 28, 42 and 49. Serum was 
separated from the clotted blood by centrifugation. 

Particle concentration fluorescence immunoassay 
(PCFIA) was used to measure the amount of anti- 
fimbrillin antibodies in serum samples [14]. In brief, 
purified fimbrillin was covalently bound to carboxy- 
lated polystyrene beads (IDEXX, Westbrook, ME) us- 
ing 1 -ethyl- 3K3-dimethylaminopropyl) carbodiimide 
(Sigma, St. Louis, MO). Titration studies were used to 
determine the amount of fimbrillin that was required in 
the binding reaction to saturate the surface of the beads 
with the antigen (data not shown). Fimbrillin-coated 
beads were incubated with a 1:100 dilution of serum, 
washed with PBS to remove unbound antibody, and 
incubated with a 1:35 dilution of fluorescein isothiocy- 
nate (FITCVlabeled affinity purified goat anti-rat IgG 
immunoglobulin (Kirkegaard and Perry, Gaithersburg, 
MD). After extensive washing to remove unbound 
FITC-labeled antibodies, fluorescence of the treated 
beads was measured at 485/535 nm in an automated 
fluorimeter (IDEXX, Westbrook, ME). Anti-fimbrillin 
antibody titers in the sera were expressed as relative 
units of fluorescence (RFU). Previous studies demon- 
strated that the level of fluorescence detected by PCFIA 
is directly correlated with the amount of antibody 
bound to the antigen-sensitized beads [1-3]. The tedK 
nique is highly quantitative [1 3]; The amount of aitti? 
bodies in the serum samples directed against LTrjPa 
and CT was measured by an enzyme-Jinked i 
sorbent assay (GDI b-ELISA) [ 15]. Ratuhj 
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As expected, rats immunized with CT + fimbrillin 
showed a much stronger response to the fimbrial anti- 
gen than did rats immunized with fimbrillin alone (P < 
0.001) (Fig. 1). By day 42, the anti-fimbrillin response 
elicited by immunization with fimbrillin was meager 
(4072 ± 559 RFU) (data are reported as the mean 
RFU ± one standard error of the mean). Rats immu- 
nized with CT + fimbrillin responded strongly on day 
42 and produced high titers of anti-fimbrillin antibody 
(13372 ± 1539 RFU). Seven days after a booster immu- 
nization with fimbrillin (day 49), the immune response 
to the antigen was enhanced further in the CT + 
fimbrillin group (35698 ± 2757 RFU). Animals boosted 
with fimbrillin alone showed a small enhancement in 
specific antibody responses (13782 + 2743 RFU), but 
the enhancement was not as dramatic as with the 
animals that had been previously immunized with 
fimbrillin + CT or fimbrillin + LT-II. 

Analysis of the sera from rats immunized with 
fimbrillin and LT-IIa + fimbrillin demonstrated that 
LT-Ila has potent adjuvant activity (Fig. 1). By day 42, 
is immunized with LT-IIa + fimbrillin developed a 
ignificantly higher titer of anti-fimbrillin antibody than 
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Fig. 1. Immunoblot analysis of the enterotoxin-enhanced immune 
response to fimbrillin. Purified fimbrillin was immunoblotted with a 
1:50 dilution of amisera collected on day 49 from rats immunized 
with: 1, CT; 2, CT -f fimbrillin; 3, LT-IIa; 4, LT-IIa + fimbrillin; 5, 
fimbrillin; and 6. PBS (sham immunization). In each case, the anti- 
serum for the immunoblot was obtained from a rat in the relevant 
roup that had a specific antibody titer that most closely approxi- 
ated the mean antibody titer of the group, as determined by 
PCFIA. lmmunoblots were developed using goat anti-rat lgG 
(BioDesign, Kennebunk, MA) and 4-chloro-l-napthol (Biorad, Rich- 
mond. CA). 
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2. Enhanced lgG-specific immune response to fimbrillin after 
co-immunization with CT or LT-IIa. Rats were immunized with 
fimbrillin, LT-Ila, CT, fimbrillin + CT, and fimbrillin + LT-IIa. Sym- 
bols for each group are noted in the box. IgG antibody titers in the 
sera collected on days 0, 14, 28, 42 and 49 were measured by PCFIA. 
Time points at which immunizations were given are denoted by 
arrows: 1, initial immunization; 2, second immunization; 3, booster 
immunization using purified fimbrillin (given only to groups previ- 
ously immunized with fimbrillin, fimbrillin + CT, or fimbrillin + LT- 
Ila). RFU — relative fluorescence units. Bars indicate one standard 
error of the mean. 

did rats immunized with fimbrillin without the entero- 
toxin (8644 ± 1242 RFU vs 4072 ± 559 RFU, respec- 
tively; P< 0.001) (Fig. 1). By day 49 after booster 
immunizations, the differences between the two groups 
increased (31 226 ± 2969 vs 13782 ± 2743 RFU, respec- 
tively; P< 0.001). Comparisons of the levels of anti- 
bodies produced by rats immunized with 
CT -f fimbrillin to the levels of antibodies produced by- 
rats immunized with LT-IIa + fimbrillin showed that 
the two groups of rats had equal anti-fimbrillin anti- 
body titers (^ = 0.31). 

To confirm that the immunoreactivity in the serum 
samples detected by PCFIA was directed against 
fimbrillin, pooled sera from each group were diluted 
1:50 and analyzed by Western blotting (Fig. 1). Sera 
collected on day 49 from rats immunized with 
fimbrillin 4- CT and with fimbrillin + LT-IIa showed a 
strong response to purified fimbrillin. Although sera 
from rats immunized with fimbrillin without entero- 
toxin had detectible immunoreactivity by PCFIA, the 
amount of anti-fimbrillin antibody in a 1:50 dilution 
was below the level of detection of the immunoblot 
(Fig. 2). The rats in all groups immunized with entero- 
toxins produced high levels of anti-enterotoxin antibod- 
ies. Sera collected from animals in the CT and the 
CT + fimbrillin group had high titers of CT-specific 
antibodies and sera from animals in the LT-Ila and 
LT-Ila + fimbrillin groups had high titers of anti-LT- 
Ila antibodies (data not shown). 

The data demonstrate that LT-IIa and CT are 
equally potent adjuvants in this rat model. Affinity for 
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GM1 has been proposed as an essential factor in the 
ability of CT to potentiate an immune response to a 
foreign antigen [11]. Although LT-Ha binds to GM1, 
GM1 is not the preferred receptor [4]. It is not clear 
whether the adjuvant activity of LT-IIa is a result of 
low affinity binding of the enterotoxin to GM1 or to 
high affinity binding of the enterotoxin to alternative 
gangliosides on host cells or tissues involved in immune 
responsiveness. Mutant LT-IIa enterotoxins with al- 
tered ganglioside-binding specificities and mutant LT- 
IIa enterotoxins with no detectible ganglioside-binding 
activities have been reported [15]. It will be interesting 
to employ these mutant toxins in experiments similar to 
those reported here to determine in a direct manner the 
importance of ganglioside-binding in induction of adju- 
vant activity. 

This report establishes that LT-IIa is a potent im- 
munostimulatory molecule. Further studies of LT-IIa 
must be done to define the factors that are most 
important in potentiating immune responses. The abil- 
ity to produce very large amounts of LT-IIa using 
established recombinant methods [15] should provide 
an economic impetus for the use of the enterotoxin in 
the development and production of future vaccines. 



Acknowledgements 

This work was supported by Public Health Service 
grant DEI 131301 from the National Institute of Dental 
Research (T.D.C.) and by a Research Competition 
Award from the . Research Foundation of the State 
University of New York (T.D.C). We thank Dr Ran- 



dall K. Holmes for providing the purified CT and 
LT-IIa used in these experiments and Drs Robert J. 
Genco and Hakim Sojar for help" in purifying the 
fimbrillin protein. 



References 

[I] B.D. Spangler, Microbiol. . Rev. 56 (1992) 622-647. 

[2] R.K. Holmes, M.G. Jobling, T.D. Connell, in: J. Moss, B. 
Iglewski, M. Vaughan, AT. Tu (Eds.), Handbook of Natural 
Toxins, Bacterial Toxins and Virulence Factors in Disease, Vol. 
8, Marcel Dekker, New York, 1995, pp. 225-255. 

[3] D.M. Gill, S.H. Richardson, J. Infect. Dis. 141 (1980) 64- 70. 

[4] S. Fukuta, J.L. Magnani, E.M. Twiddy, R.K. Holmes, V. Gins- 
burg, Infect. Immun. 56 (1988) 1748-1753. 

[5] S. Sonnino, D. Acquotti, L. Riboni, A. Giuliani, G. Kirschner, 
G. Tettamanti, Chem. Phys. Lipids 42 (1986) 3-26. 

[6] P.A. Orlandi, D.R. Critchley, P.H. Fishman, Biochemistry 33 
(1994) 12886-12895. 

[7] R.A. Finkelstein, M.F. Burks, A. Zupan, W.S. Dallas, CO. 
Jacob, D.S. Ludwig, Rev. Infect. Dis. 9 (1987) 544-561. 

[8] A.C Menge, S.M. Michalek, M.W. Russell, J. Mestecky, Infect. 
Immun. 61 (1993) 2162-2171. 

[9] J. Sanchez, S. Johansson, B. Lowenadler, A.M. Svennerholm, J. 

Holmgren, Res. Microbiol. 141 (1990) 971-979. 
[10] N. Lycke, J. Holmgren, Monogr. Allergy 24 (1988) 274-281. 

[II] T.O. Nashar, T. Amin, A. Marcello, T.R. Hirst, Vaccine 11 
(1993) 235-240. 

[12] J.-Y. Lee, H. Sojar, G. Bedi, R.J. Genco, Infect. Immun. 60 

(1992) 1662-1670. 
[13] R.T. Evans, B. Klausen, HX Sojar, G.S. Bedi, C. Sfintescu, 

N.S. Ramamurthy, L.M. Golub, R.J. Genco, Infect. Immun. 60 

(1992) 2926-2935. 
[14] M.E. JoUey, C.-HJ. Wang, S.J. Ekenberg, M.S. Zuelke, D.M. 

Kelso, J. Immunol. Methods 67 (1984) 21-35. 
[15] T.D. Connell, R.K. Holmes, Infect. Immun. 60 (1992) 63 - 70. 



( 



( 



Recognition of a hepatitis B virus 
nucleocapsid T-cell epitope expressed 
as a fusion protein with the subunit B 
of Escherichia coli heat labile 
enterotoxin in attenuated salmonellae 



Florian Scbodel**, Georg Enders f , Maria-Christina Jung 1 
and Hans Will* 

Two overlapping T-cell sites of the nucleocapsid antigen (HBc) of Hepatitis B Virus (HBV) 
(amino acids (aa) 120-140) and a B-ceU epitope of the pre-S(2) region of the HBV surface 
antigen (aa 133-140) were expressed as a fusion protein with the subunit B of Escherichia coli 
heat labile enterotoxin (LT-B) in attenuated salmonellae (nxoA Salmonella dnblin SL1438). When 
Balbfc (haplotype H-T) mice were fed salmonellae expressing LT-B or the LT-Bf HBV fusion 
protein they developed serum IgG anti-L T-B antibodies and splenic cells reactive to L T-B. CS7BL\10 
( H-r) t in contrast, showed anti-LT-B antibody titres t but no splenic cell priming to LT-B. Neither 
in Balbfc nor in C57BL/10 mice could an antibody response to the fused HBV antibody binding 
site be demonstrated. In C57BL/10, however, an HBc T-cell epitope fused to L T-B primed a splenic 
cell response to an analogous synthetic peptide (HBc aa 121-145) in four out of five mice after 
three oral immunizations. This is the first description of the priming of a cellular immune response 
to a defined heterologous epitope expressed in attenuated salmonellae and delivered by the oral route. 



Keywords: Hepatitis B; T<cll epitope; fusion protein; E. coli enterotoxin 



Introduction 

Infection with hepatitis B virus (HBV), a small DNA 
virus (for reviews see refs 1, 2, 3) is the cause of acute 
and chronic liver disease in man and HBV continues to 
be one of the most important pathogens on a world-wide 
scale with over 200 million chronic carriers 4 . Despite the 
existence of safe and efficient plasma-derived and 
recombinant vaccines 5 , availability and cost still hamper 
vaccination programmes similar to the successful im- 
munization against smallpox virus. Existing vaccines are 
based on HBV surface antigens. Immunization with 
recombinant HBV core antigen (HBc) has also been 
shown to provide some degree of protection against HBV 
infection 6,7 , probably mediated by cellular immune 
response mechanisms, since HBc is an internal viral 
antigen. HBc particles elicit both T-cell dependent and 
T-cell independent antibody responses and a strong 
cellular immune response 8 . T-cell epitopes of HBc have 
been mapped in the murine system 9 , but it is not known 
which epitopes mediate protective immunity. It has 
recently been demonstrated that immunization with 
recombinant (human) HBc induces a partial protection 
in woodchucks against infection with a closely related 
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hepadnavirus, woodchuck hepatitis virus (WHV) (F. 
Schodel, K. Manneck, K. Fuchs, H. WiD and M. 
Roggendorf, unpublished). Therefore HBc amino acid 
sequences mediating protective immune responses are 
probably in the regions conserved among WHV and 
HBV (for a comparison of amino acid sequences see 
Ref. 1 ). An ideal vaccine would comprise protective T-cell 
epitopes for a longlasting memory and elicit virus 
neutralizing antibodies against defined epitopes. It would 
be an additional advantage if this vaccine could be given 
orally and would combine stability and ease of production. 
Invasive but non-pathogenic aroA salmonella strains 
have been developed 1011 which confer immunity to 
salmonella infections and are suitable as carriers for 
heterologous antigens (Refs 10, 12; for a review see Ref. 
13). It has been shown that oral immunization with 
recombinant salmonellae expressing a circumsporozoite 
antigen can induce protective, possibly cell-mediated, 
immunity against Plasmodium berghei infection in mice 1 *. 
Antibodies against HBV surface antigen ^epitopes could 
i>e eiiciie.d by the same route when the epitopes were 
e>.prssscd in salmonellae as flagellin inserts 15 . The 
envelopment of an expression system which allows the 
stable expression of foreign epitopes as fusion proteins 
with the subunit B of Escherichia coli heat labile 
enterotoxin (LT-B) was described previously 16 . These 
fusion proteins expressed in SL1438, an aroA Salmonella 
dublin auxotroph, induce high level serum IgG antibodies 
to LT-B when fed orally to Balb/c or C57BL/10 mice 
and splenic T-cells reactive with LT-B when fed to 
Balb/c 17 . Serum antibodies to the fused HBV antibody 
binding sites could not be detected. It was described 
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recently thai- two HBc T-cel] epitopes (HBc amino acids 
(aa)- 120-140) fused to an antibody binding site of the 
■middle HBV surface protein in a synthetic peptide elicited 
both a strong H-2 restricted T-cell response after 
^Bnunization in mice and provided T-ccll help for the 
^Plached B-cell epitope (HBV pre-S(2) amino acids 
I33-I40) 1 It has been possible to stably express the 
same HBc T-cell epitopes and the B-cell epitope as a 
fusion protein with the carboxy terminus of LT-B 
(expression plasmid pFS20)in the vaccine strain SL1438 17 . 
Here the cellular immune response in mice fed with 
SLl438(pFS20) against one of the two HBc T-cell 
epitopes and against LT-B, is described. 

Materials and methods 
Bacteria and plasmids 

The aroA S. dublin vaccine strain SL 1 438 10 was kindly 
provided by Bruce Stocker (Stanford). The construction 
of expression plasmids pFS2.2 (expressing LT-B + eight 
carboxyterminal amino acids from a polylinker) and 
pFS20 (HBc aa 120-145 and HBV pre-S(2) aa 133-140, 
fused to the carboxy terminus of LT-B) has been described 
previously 17 . Maintenance and growth conditions of 
bacteria were as described before 16,17 . 

Immunization 

As described previously 1617 10-12 female Balb/c or 
C57BL/10 mice were fed with % 10 10 colony forming 
units (cf.u.) of SL1438(pFS20) [group M, C57BL/10 and 
group N, Balb/c] or SL1438(pFS2.2) [group O] by 
orog astric tube. Blood was drawn 10 days after the first 
^winization and the animals were immunized a second 
Again blood was drawn after 10 days a set of 
animals was killed and the spleens were removed for 
establishing T-cell cultures. A second set of animals was 
immunized a third time and blood and spleen cells 
removed 14 days after the third immunization. 

Cell culture and antibody determination 

Spleens were aseptically removed and carefully dis- 
sected. Splenic cells were separated over a Ficoll/Isopaque 
gradient and cultured in RPMI-Click (Gibco) supple- 
mented with 0.5% syngeneic serum in microtitre plates. 
The cell density was adjusted to 5 x 10 5 cells/well and 
affinity purifed LT-B (kindly provided by John Clements) 
to a concentration of 0.1 ^g, l//g or lO/igmi -1 or a 
synthetic peptide spanning HBc amino acids 121-145 
(synthesized by automated synthesis, >90% pure by 
HPLC analysis) to a concentration of I //g, 10/ig or 
100/igmr 1 was added. The HBc synthetic peptide was 
weighed, solubilized by ultrasound, sterile filtrated and 
diluted before use. The indicated concentrations reflect 
the amount of peptide weighted in, actual concentrations 
in the cell culture wells may be lower due to low solubility 
of the peptide and loss during sterile filtration. The splenic 
cells were cultivated in a humid atmosphere at 37°C and 
5% C0 2 for 5 days. In the last 18 h of culture, the cells 
were labelled with 0.5/iCi *H-thymidine (Amersham), 
harvested and counted in a liquid scintillation cocktail 
(^^cbcta). Background values of cells cultivated in the 
a^Hke of antigen were determined and automatically 
sl^Rcted. Anti-LT-B and anti-H B V pre-S(2) antibodies 
in the serum were determined at a 1/100 serum dilution 
by GM1-ELISA and anti -peptide (HBV pre-S(2) aa 



133-1 50) ELISA, respectively, as described 17 ; the second 
antibody was goat anti-mouse IgG (H-f L), peroxidase 
coupled (Medac, Hamburg), substrate orthophenyl- 
diamine. 



Results 

The cellular and humoral immune responses of mice fed 
with salmonellae expressing LT-B or a LT-B/HBV fusion 
protein were analysed. As previously demonstrated for 
LT-B alone and other LT-B fusion proteins 17 , mice fed 
with salmonellae expressing either LT-B or the LT- 
B/HBc/HBV-pre-S(2) fusion protein developed serum 
IgG antibodies against LT-B (Figure 1, a-c). In Balb/c 




Figure 1 Serum IgG anti-LT-B antibodies after oral immunization of 
C57BL/10 mice with SL1438 (pFS20) (a), or BaJb/c mice with SU438(pFS20) 
(b) or SLl436(pFSZ2) (c). The means ol dupl.cate absorbance 
measurements at 492nm in a GM1 ELISA are indicated- 0 = pre- 
tmmune, 1 = 10 days after the first immunization. 2= 10 days after 
the second immunization. 3= 14 days after the third immunization. 
Lines connect values of individual sera 
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Rgure 2 Stimulation of splenic cells in the presence of LT-B (a,b) or a synthetic peptide from the HBc region aa 121-145 (c,d). Mean counts min"* 
of triplicate cultures labelled with *H-thymkJine are Indicated. Values of individual animals are connected, (a), group N (Balb/c, SL1438(pSF20)), (b) 
and <c), group 0 (BaJb/c. SL1438(pFS22)). (d). group M (C57BIV10, SL1438(pFS20), here only the values of tour out of five animals showing thymidine 
incorporation are plotted 



mice, a higher rate of seroconversion was observed after 
the second oral immunization {Figure lb,c) than in 
C57BL/10 mice (Figure la). After the third immunization 
all animal sera analysed showed detectable levels of serum 
anti-LT-B IgG. Antibodies against the carboxyterminally 
fused HBV-pre-S(2) B-cell epitope could not be detected 
in either Balb/c or C57BL/10 mice by anti-peptide ELISA 
(data not shown). After the third oral immunization, 
splenic cells reactive to LT-B could be observed in Baib/c 
mice fed with LT-B or LT-B fusion protein expressing 
salmonellae (Figure 2a,b). In contrast, in C57BL/10 mice 
no splenic cells primed against LT-B were detected (data 
not shown). Apart from a possible major histo- 
compatibility complex restriction for LT-B this may be 
a hint that LT-B is capable of inducing antibodies by a 
T-cell independent mechanism, as antibodies against 
LT-B were readily detected in C57BL/10. In Balb/c an 
LT-B dose dependent increase in 3 H-thymidine incor- 
poration was observed whether the animals were 
immunized with salmonellae expressing LT-B alone 
(group O, Figure 2b) or the fusion protein (group N, 
Figure 2a). The stimulation seems, however, higher in 
the group that received salmonellae expressing only LT-B 
(Figure 2b). Only in mice with an H-2 b genetic 
background (C57BL/10) was a stimulation of splenic cells 
in the presence of the HBc analogous synthetic peptide 
observed (Figure 2d); in Balb/c mice (H-2*) SL1438(pFS20) 



did not prime a response (not shown). The HBc 121-145 
synthetic peptide induced no proliferative response in 
splenic cells of Balb/c fed with SL1438(pFS2.2) as a 
negative control (Figure 2c). Similarly, no in vitro 
proliferative response to the synthetic peptide was 
observed in splenic cells of unprimed C57BL/10 or of 
■ C57BL/10 fed with salmonellae expressing LT-B alone 
(not shown). This observation is consistent with the 
previously described H-2 restriction of the HBc T-cell 
epitope 129-140 9 ' 18 . Primed T cells of the HBc syn- 
thetic peptide could be demonstrated in four out of 
five mice analysed after the third immunization with 
SL1438(pFS20). 

Discussion 

The data presented indicate that a heterologous T-cell 
epitope fused to the carboxyterminus of LT-B can be 
presented to the mouse immune system by orally given 
attenuated salmonella. To our knowledge this is the first 
time that it has been demonstrated that attenuated 
salmonella can induce an immune response to a defined 
heterologous T-cell epitope by the oral route. Hetero- 
logous B-cell epitopes fused to the carboxyterminus of 
LT-B, although they are accessible on the non-denatured 
protein, as tested by ELISA type assays with the 
respective poly- or monoclonal antibodies (data not 
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shown), dt> not induce a detectable B-cell response. The 
reason for the low B-cell immunogenicity of the fused 
sequences compared with LT-B alone is not known. 1 1 has 
cently been demonstrated that B-cell epitopes of the 
lolera toxin subunit B, highly homologous to LT-B, 
and of the HBV pre-(S) and S region inserted into a 
hypervariable sequence of H-ld phase- 1 flagellin can be 
expressed in aroA S. typhimurium in an immunogenic 
form 1519 and in the case of the HBV epitopes induce 
low serum antibodies by the oral route after four 
subsequent immunizations in a mouse model 15 . This 
approach could lead to the formation of neutralizing 
antibodies against HBV in man provided that the 
epitopes can be expressed in suitable S. typhi in an 
immunogenic form. Induction of T-cell responses to one 
or two T-cell sites may not suffice to induce protection 
in an outbred population. As the T-cell sites used here 
(HBcl20-l40) are particularly well conserved between 
HBV and WHV 1 they could play a role in inducing 
protective immunity. The finding reported here that a 
T-ccll response can be induced by orally given Salmonella 
vaccine strains together with the successful induction 
of antibody responses to heterologous flagellin inserts 
expressed in salmonellae 1 5 paves the way for construction 
of recombinant bacteria that present a selection of 
artificially combined T-cell epitopes together with B-cell 
epitopes eliciting neutralizing antibodies, possibly on 
different structures within the same bacterium. Since the 
amount of heterologous antigen actually delivered to the 
host immune system may be critically affected by piasmid 
loss in vivo in the experiments described here and the 
-jresence of antibiotic resistance markers on plasmids 
r d for in vivo vaccinations is not desirable, we have 
_ istmcted asd plasmids expressing LT-B and LT- 
B/HBV fusion proteins and are currently testing their 
immunologic properties (F. Schodel, H. Will, T. Doggett 
and R. Curtiss, unpublished results). 

These expression plasmids without antibiotic resistance 
markers are highly maintained in salmonella vaccine 
strains by complementation of a lethal mutation in the 
cell wall metabolism (A aspartate semialdehyde dehydro- 
genase [asd]) 20 . Cells that lose the plasmids lyse and 
release their antigenic content. Also hybrid HBc/pre-S 
proteins which form particles 21 have now been success- 
fully expressed in attenuated salmonellae (F. Schodel, 
unpublished results) and their immunogenicity is under 
investigation. 
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Characterization of Hybrid Toxins Produced in Escherichia coli by 
Assembly of A and B Polypeptides from Type I and Type II 
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The genes encoding the individual A and B polypeptides of the type I enterotoxin LTp-I and type II 
enterotoxins LT-IIa and LT-IIb were cloned and tested for complementation in Escherichia coli. Each gene 
. encoding an A polypeptide was cloned into pACYC184, and each gene encoding a B polypeptide was cloned into 
the compatible plasmid Bluescript KS+. In addition, operon fusions representing all combinations of A and B 
genes were constructed in Bluescript KS+. Extracts from strains of E. coli expressing each combination of A 
and B genes, either from compatible plasm ids or from operon fusions, were tested for immunoreactive 
holotoxin by radioimmunoassays and for toxicity by Yl adrenal cell assays. Biologically active holotoxin was 
detected in each case, but the toxicity of extracts containing the hybrid toxins was usually less than that of 
extracts containing the wild-type holotoxins. The ganglioside-binding activity of each holotoxin was tested, and 
in each case, the B polypeptide determined the ganglioside-binding specificity. The A and B polypeptides of the 
type II heat-labile enterotoxins were also shown to form holotoxin in vitro without exposure to denaturing 
conditions, in contrast to the polypeptides of the type I enterotoxins that failed to form holotoxin in vitro under 
comparable conditions. These findings suggest that type I and type EI enterotoxins have conserved structural 
features that permit their A and B polypeptides to form hybrid holotoxins, although the B polypeptides of the 
type I and type II enterotoxins have very little amino acid sequence homology. 



The heat-labile enterotoxins of Escherichia coli and Vibrio 
cholerae constitute a family of proteins that are related in 
structure and function (22, 33). They are classified into two 
serogroups (9, 21, 37-39). Antisera against the enterotoxins 
in serogroup I do not neutralize the toxins in serogroup II, 
and vice versa. Serogroup I includes cholera toxin (CT) and 
the E. coli type I heat-labile enterotoxins (LT-I). LTh-I and 
LTp-I are antigenicalry cross-reacting variants of LT-I pro- 
duced by E. coli strains from humans and pigs, respectively 
(6, 23), Serogroup II includes the E. coli type II heat-labile 
enterotoxins (LT-II), with antigenic variants designated LT- 
IIa and LT-IIb (14, 15, 19, 21, 37-39). Strains of £. coli that 
produce LT-II have been isolated from animals (water 
buffalo, cattle, pigs, etc.) and foods, particularly in South- 
east Asia and South America, but they are rarely isolated 
from humans (14, 40). CT and LT-I function as virulence 
factors and cause diarrhea with cholera and enterotoxigenic 
E. coli infections, but the role of type II toxins in pathogen- 
esis has not yet been demonstrated. 

Toxins in the V. cholerae and E. coli heat-labile entero- 
toxin family have one A polypeptide and five B polypep- 
tides, and quaternary structure of the holotoxins is main- 
tained by noncovalent bonds between the polypeptides (12, 
14, 16, 22, 43). Treatment of holotoxin with trypsin cleaves 
its A polypeptide into fragments Al and A2, which remain 
joined by a disulfide bond, and fragment A2 mediates inter- 
action of the A polypeptide with the B polypeptides. Holo- 
toxin binds via its B polypeptides to surface -exposed sugars 
of gangliosides that function as specific receptors on eucary- 
otic cell membranes (11, 22). Both CT and LT-I bind 
preferentially to ganglioside GM1, but LT-I can also bind to 



* Corresponding author. 



glycoproteins (13). LT-IIa binds with greatest affinity to 
.ganglioside GDlb, and LT-IIb binds preferentially to gangli- 
oside GDla (11). Binding of holotoxin triggers entry of 
fragment Al into the target cells, in which it activates plasma 
membrane adenylate cyclase by catalyzing ADP ribosylation 
•of the regulatory protein G sa . Biological effects of the 
heat-labile enterotoxins are believed to be mediated primar- 
ily by increased concentrations of cyclic 3', 5 '-AMP (cAMP) 
. in the target cells, but cAMP-independent effects of entero- 
'toxins that may be mediated by prostaglandins or ei- 
cosanoids or by cross-linking of gangliosides in plasma 
'membranes have also been described previously (10, 35). 

The genes that encode the A and B polypeptides of CT, 
LTh-I, LTp-I, LT-IIa, and LT-IIb have all been cloned and 
v l sequenced (7, 27, 28, 32, 36, 37, 39, 45). Comparison of the 
predicted amino acid sequences for these representative 
-rtype I and type II enterotoxins shows that their Al fragments 
are most homologous (22, 36-39, 45); this homology presum- 
ably reflects the conserved ADP ribosyltransferase activities 
of the Al fragments (26). The A2 fragments are much less 
v\ homologous than the Al fragments (36, 38). Within sero- 
group I or II, the B polypeptides are homologous, but B 
, polypeptides of type I enterotoxins have little or no signifi- 
cant homology with those of type II (36, 38). The apparent 
lack of homology between B polypeptides of type I and type 
II enterotoxins is consistent with their different ganglioside- 
binding specificities, and the limited homology between A2 
fragments of type I and type II enterotoxins may reflect 
cocvoiution of the A2 polypeptides with the specific B 
polypeptides to which they bind (22). 

Assembly of type I holotoxins occurs after transport of. 
their A and B precursor polypeptides into the periplasm and 
removal of their signal peptides (7, 16, 17, 32). The mature B 
polypeptides of type I enterotoxins can associate to form 
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TABLE 1. Strains and plasmids used in this study 

Construction 



Plasm id or E. coli strain 



Phenotype 



Vectors and parental plasmids 
pACYC184 
pBluescript 
pEWD299 
pCP3727 
pCP4185 

pACYC184 constructions 
pTC900 
pTC304 
pTC601 

pBluescript constructions 
pTC801 
pTC400 
pTC700 
pTCSOOO 

pTC200 

pTClOl 

pTClOOO 

pTC2000 

pTOOOO 

pTC4000 

Strains 
XLl-Blue 
SA53 
41 
Tl 
T2 
T3 
T4 
T5 
T6 
T7 
T8 
T9 



Nontoxinogenic 
Nontoxinogenic 
LT-I A, LT-I B 
LT-IIa A, LT-IIa B 
LT-IIb A, LT-lIb 



LT-I A 
LT-IIa A 
LT-IIb A 



LT-I B 
LT-IIa B 
LT-IIb B 
LT-I A, LT-I B 

LT-IIa A, LT-IIa B 
LT-IIb A, LT-IIb B 
LT-I A, LT-IIa B 
LT-I A, LT-IIb B 
LT-IIa A, LT-I B 
LT-IIb A, LT-I B 



Nontoxinogenic 
LT-IIa A, LT-IIa B 
LT-IIb A, LT-IIb B 
LT-IIa A, LT-IIa B 
LT-IIb A, LT-IIb B 
LT-IIa A, LT-IIb B 
LT-IIb A, LT-IIa B 
LT-I A, LT-I B 
LT-1 A, LT-IIa B 
LT-I A, LT-IIb B 
LT-IIa A, LT-I B 
LT-IIb A, LT-I B 



Clr r Tet r , P15A replicon 

Amp r , ColEl replicon, P toc (Stratagene) 

LT-I operon from p307 

LT-IIa operon from E. coli SA53 

LT-IIb operon from £. coli 41 



1.3-kbp Smal fragment from pEWD299 

1-kbp Pst\ fragment from pCP3727 

1.58-kbp EcoRV-Dra\ fragment from pCP4185 



750-bp Hindlll fragment from pEWD299 
800-bp EcoRhHpal fragment from pCP3727 
1.0-kbp Hindl\\-Pst\ fragment from pCP4185 
1-kbp BamHl-EcoKl fragment from pTC900 and 3.6-kbp 
fragment from pTC801 

2.2- kbp EcoRl-Kpnl fragment from pCP3727 
1.68-kbp BgllhHpal fragment from pCP4185 

1.3- kbp ClahSaa fragment from pTC900 into pTC400 
1.3-kbp ClahSall fragment from pTC900 into pTC700 
1-kbp BamHhEcoRV fragment from pTC304 into pTC801 
1.6-kbp Clal-BamW fragment from pTC601 into pTC801 

recAl supE44 relAl lac (F' proAB laclq Z M15 Tn/0) 

Parental strain expressing LT-IIa toxin 

Parental strain expressing LT-IIb toxin 

XLl-Blue containing pTC304 and pTC400 

XLl-Blue containing pTC601 and pTC700 

XLl-Blue containing pTC304 and pTC700 

XLl-Blue containing pTC601 and pTC400 

XLl-Blue containing. pTC900 and pTC801. 

XLl-Blue containing pTC900 and pTC400 

XLl-Blue containing pTC900 and pTC700 

XLl-Blue containing pTC304 and pTC801 

XLl-Blue containing pTC601 and pTC801 



5 

41 
7 

39 
31 



This study 
This study 
This study 



This study 
This study 
This study 
This study 

This study 
This study 
This study 
This study 
This study 
This study 
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14 
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This study 
This study 
This study 
This study 
This study 
This study 
This study 
This study 
This study 



pentamers in vivo or in vitro, either in the presence or 
absence of mature homologous A polypeptides, but interac- 
tion with homologous A polypeptides increases the rate of 
association of B polypeptides and favors formation of nolo- 
toxin instead of B pentamers (16). Assembled B pentamers 
of type I enterotoxins do not associate with A subunits to 
form holotoxin (16). Hybrids between CT and LT-I can be 
produced by denaturing and renaturing mixtures of their A 
and B polypeptides in vitro, and such hybrid type I entero- 
toxins have toxicity comparable to that of native CT or LT-I 
(16,44). 

In the current study, we cloned the genes encoding the A 
and B polypeptides of LTp-I, LT-IIa, and LT-IIb and tested 
all possible pairwise combinations of their A and B genes, 
either in compatible plasmid vectors or in hybrid operon 
constructs, for complementation in E. coli. Our goals were 
to determine whether heterologous A and B polypeptides 
from type I and type II enterotoxins can associate to form 
hybrid holotoxins and, if so, to characterize the hybrid 
holotoxins. 

MATERIALS AND METHODS 

Bacterial strains and plasmids. The LTp-I-producing plas- 
mid pEWD299 (8) and the plasmids pCP3727 expressing 
LT-IIa (37 39) and pCP4185 expressing LT-IIb (38) have 



been described previously. Genes encoding individual toxin 
polypeptides were cloned into the vectors pBluescript KS + 
(or KS-) (Stratagene) and pACYC184 (5) by using standard 
methods (30). Genes cloned into pBluescript vectors were 
oriented for expression under control of the isopropyl-0-D- 
thiogalactopyranoside (IPTG)-inducible lac promoter. E, 
coli XLl-Blue (Stratagene) was used as the host strain for all 
recombinants (4). Details of construction and phenotypes of 
the recombinant plasmids and strains used in this study are 
summarized in Table 1. 

DNA procedures. DNA was isolated by using the lsn- 
Horowicz and Burke modification (24) of the alkaline extrac- 
tion procedure of Birnboim and Doly (3). Agarose gel 
electrophoresis was performed by standard procedures (30), 
and restriction fragments used for cloning were isolated from 
gel slices by electroelution. Restriction, enzymes and other 
DNA-modifying enzymes were used according to suppliers 
specifications (Bethesda Research Laboratories, Inc., Gaith- 
ersburg, Md.; Boehringer Mannheim Biochemicals, India- 
napolis, Ind.; and New England Biolabs, Beverly, Mass.). 
Transformations were performed by using CaCl r treated 
cells as described by Maniatis et al. (30). 

Preparation of toxin-containing extracts. E. coli strains 
expressing cloned genes for toxin A and/or B polypeptides 
from recombinant plasmids were cultured in LB broth (42). 
Ampicillin (75 u,g/ml) and/or chloramphenicol (25 p,g/ml) was 
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TABLE 2. Immunoreactivity and biological activity of heat-labile enterotoxins with homologous and heterologous A and B 
subunits encoded by structural genes on separate plasmids or in hybrid operons 



Activity of toxin subunits encoded by genes on: 

Toxin composition _ 

Complementary plasmid Operon fusion 



Subunit A 


Subunit B 


Biological 
activity 1 ' 
(U/mi) 


Toxin 
antigen* 
(u.g/ml) 


Sp act 
(U/jig) 


Biological 
activity 
(U/ml) 


Toxin 
antigen 
(jig/ml) 


Sp act 


LT-IIa 


LT-IIa 


27,000 


5.1 


5,270 


656,000 


80.0 


8,200 


LT-IIb 


LT-IIb 


32,000 


87.5 


370 


23,300 


13.6 


1,790 


LT-I 


LT-I 


20,480 


2.5 


8,190 


64,000 


22.0 


2,910 


LT-IIa 


LT-IIb 


4,000 


1.0 


4,000 


8,000 


1.7 


4,700 


LT-IIb 


LT-IIa 


9,000 


6.4 


1,400 


128,000 


22.2 


5,820 


LT-I 


LT-IIa 


640 


c 




640 






LT-I 


LT-IIb 


320 






1,280 






LT-IIa 


LT-I 


1,000 


1.0 


1,000 


640 


0.2 


2,600 


LT-IIb 


LT-I 


640 


2.1 


302 


1,280 


2.5 


512 



* One unit of toxin is the smallest dose needed to produce a response in 75 to 100% of cells in a Yl adrenal cell bioassay (29). Cells expressing A subunit alone 
or B subunit alone were not toxigenic. 

* The amount of holotoxin in each extract was measured by solid-phase radioimmunoassay (11), Extracts were incubated in microliter wells sensitized with 
20 u,g each of GM1, GDla, and GDlb, and probed with A subunit-specific MAb 4B6 (LT-I) (2), MAb 5C5 (LT-IIa), or MAb 19G5 (LT-IIb). In each case, the 
immunoreactivity was expressed as the amount of holotoxin containing the same A subunit that produces an equivalent response in the radioimmunoassay. 

c — , MAb specific to the A subunit failed to bind to holotoxin. 



trol extracts from strains expressing only A or B polypep- 
tides were not cytotoxic. 

RESULTS 

To facilitate complementation studies, DNA fragments 
that encode individual A or B polypeptides of LTp-I, LT-IIa, 
or LT-IIb were isolated and cloned into compatible plasmid 
vectors (Table 1). Each A gene with its native promoter was 
cloned into pACYC184 (Clr r , P15A replicon), and each B 
gene without its native promoter was cloned into pBluescript 
KS+ (Amp r , ColEl replicon) under control of the IPTG- 
inducible lac promoter. Pairs of the compatible plasmids 
carrying each possible combination of cloned A and B genes 
were transformed into E. coli XLl-Blue, and cotransfor- 
mants were selected and maintained by growth in the pres- 
ence of ampicillin and chloramphenicol. To control for 
artifacts resulting from different plasmid copy numbers or 
expression of the A and B genes from promoters of different 
strength, hybrid operons containing each combination of A 
and B genes expressed under control of the lac promoter in 
pBluescript KS+ were also constructed, introduced into E. 
coli XLl-Blue, and maintained under ampicillin selection. 

Strains expressing each pair of A and B polypeptides, 
either on separate plasmids or as hybrid operons, were 
cultured in LB broth until mid-log phase and induced over- 
night with IPTG. Periplasmic contents were released by 
treatment with polymyxin B, and the extracts were tested for 
toxicity in Yl adrenal cell assays and for immunoreactive 
holotoxin in solid-phase radioimmunoassays (Table 2). Ex- 
tracts from negative controls that contained only an A or a B 
polypeptide were not toxic and contained no immunoreac- 
tive holotoxin (data not shown). Extracts from positive 
controls that contained the A and B polypeptides of a single 
enterotoxin (either LTp-I, LT-IIa, or LT-IIb) were highly 
toxic and contained substantial amounts of immunoreactive 
holotoxin with high specific activity. These positive controls 
demonstrated that LTp-I, LT-IIa, and LT-IIb can all be 
produced as mature periplasmic holotoxins in £. coli by 
complementation between the cloned genes for their A and B 
polypeptides. 



Extracts from all of the strains that expressed genes for 
heterologous A and B polypeptides, including those that 
produced a combination of type I and type II polypeptides, 
were also toxic for Yl adrenal cells (Table 2). The total toxic 
activity of extracts containing the hybrid toxins was usually 
less than the toxicity of extracts containing the wild-type 
holotoxins. Immunore? :i.ve hybrid holotoxins were de- 
tected in all extracts, except those containing the A poly- 
peptide of LTp-I and the B polypeptide of either LT-IIa or 
LT-IIb. The hybrid holotoxins in these exceptional extracts 
were also undetectable as antigens when any of several MAb 
against the A subunit of LTh-I (1, 2) was substituted for 
MAb 4B6 in the solid-phase radioimmunoassay (data not 
shown). Possible explanations for failure to detect these 
specific hybrid toxins in ganglioside-dependent solid-phase 
radioimmunoassays include failure of the A polypeptide to 
fold in a manner that permits expression of some conforma- 
tion-dependent epitopes, masking of some epitopes of the A 
polypeptide by abnormal folding or by association with the 
heterologous B polypeptide, or deficient ganglioside-binding 
activity of the hybrid holotoxin. The amounts of toxic 
activity and immunoreactive holotoxin produced by strains 
that expressed a hybrid enterotoxin operon under control of 
the lac promoter in pBluescript KS+ were usually greater 
than the amounts produced by strains that expressed the 
same A and B polypeptides from separate, compatible 
plasmids. 

To confirm by an independent method that toxicity was 
due to formation of hybrid holotoxins, extracts containing 
each combination of A and B polypeptides were adsorbed 
with Sepharose-streptococcal G-protein beads coated with 
MAb against the B polypeptides that they contained (Table 
3). None of the MAb against a specific B polypeptide 
cross-reacted with any of the A polypeptides or with the 
other B polypeptides (data not shown). Purified LTp-I, 
LT-IIa and LT-IIb toxins were used as positive controls, and 
Sepharose-streptococcal G-protein beads coated with MAb 
specific for the other B polypeptides served as negative 
controls for the absorption experiments. In each case, tox- 
icity was removed by immunoabsorption only when the 
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TABLE 3. Removal of biological activity of heat-labile 
entcrotoxins by adsorption with B subunit-specific MAb 



Toxin Composition* 1 



Subunit A 



Subunit B 



B subunit- 
specific MAb'' 



Biological 
activity 
removed 
(%) 



I T IIn 
L I -I Id 


LT-IIa 


15G3 


>88 


LT-lIb 


LT-IIb 


20C9 


>94 


LT-I 


LT-I 


12G5 


99 


LT-IIa 


LT-IIb 


20C9 


94 


LT-IIb 


LT-IIa 


15G3 


>99 


LT-I 


LT-IIa 


15G3 


88 


LT-I 


LT-IIb 


20C9 


<r 


LT-IIa 


LT-I 


12G5 


94 


LT-IIb 


LT-I 


12G5 


94 


LT-IIa** 


LT-IIa d 


15G3 


99 


LT-IIb rf 


LT-IIb J 


20C9 


88 


LT-I* 


LT-I 


12G5 


97 



a Toxin-containing bacterial extracts (unless otherwise noted) were pre- 
pared from strains expressing toxin from wild-type or hybrid operons. 

* Specificities of MAb used: 15G3 (LT-IIa B subunit), 20C9 (LT-IIb B 
subunit), and 12G5 (LT-I B subunit) (2). The antibodies do not cross-react. 

c MAb 20C9 does not bind the hybrid holotoxin. 

d Purified holotoxins were used as positive controls. 



Sepharose-streptococcal G-protein beads were coated with 
MAb against the B polypeptide that was present in the 
extract or purified enterotoxin. The only exception was the 
extract that contained the A polypeptide of LTp-I and the B 
polypeptide of LT-IIb, from which toxicity was not absorbed 
by using MAb 20C9 or an alternative MAb 11E5 that was 
also specific for the B polypeptide of LT-IIb (data not 
shown). The hybrid holotoxin that failed to react with MAb 
against the B polypeptides in the immunoabsorption exper- 
iments also failed to react with MAb against the A polypep- 
tide in the solid-phase radioimmunoassays shown in Table 2. 
These results were confirmed in several experiments using 
independently derived constructs for expression of the 
LTp-I A polypeptide and the LT-IIb B polypeptide. 

Previous studies reported that GM1 is the preferred gan- 
glioside receptor for LT-I (13) and that LT-IIa and LT-IIb 
preferentially bind to the gangliosides GDlb and GDla, 
respectively (11). To confirm that the B polypeptides deter- 
mine ganglioside-binding specificity for both type I and type 
II heat-labile enterotoxins, extracts from strains used for the 
complementation tests were tested in solid-phase radioim- 
munoassays to determine the relative binding activities of 
the corresponding hybrid holotoxins for GM1, GDla, and 
GDlb (Fig. 1). In each case, the B polypeptide of the hybrid 
holotoxin determined its ganglioside-binding specificity. Hy- 
brid holotoxins containing A polypeptides of LTp-I and B 
polypeptides of LT-IIa or LT-IIb were not tested, because 
we were unable to detect them in ganglioside-binding solid- 
phase radioimmunoassays with anti-A MAb. 

Finally, the ability of various combinations of A and B 
polypeptides to form holotoxins in vitro was examined 
(Table 4). Previous studies demonstrated that mixtures of 
denatured A and B polypeptides of type I entcrotoxins in 
urea can renature into active holotoxin when the urea is 
slowly removed by dialysis (16, 44), but holotoxin is not 
formed when the A and B subunits are simply mixed 
together in aqueous solutions at neutral pH (44). We con- 
firmed these findings for mixtures of A and B polypeptides 
from LTp-I. Unexpectedly, we found that toxic, immuno- 



rcactivc holotoxins formed spontaneously in mixtures of 
extracts containing any combination of A and B polypep- 
tides of LT-IIa and LT-IIb, without subjecting them to 
denaturation in urea and dialysis. Furthermore, type II 
holotoxins also formed when extracts containing A polypep- 
tides were added to ganglioside-coated wells to which B 
polypeptides had previously been adsorbed. Hybrid holotox- 
ins were not formed from any mixture that combined a type 

I A polypeptide with a type II B polypeptide, or vice versa. 
These data demonstrated that the requirements for assembly 
of type II enterotoxins differ significantly from those re- 
quired for assembly of type I toxins. 

DISCUSSION 

The assembly of multimeric proteins such as heat-labile 
enterotoxins requires the interaction of complementary do- 
mains of the constituent subunits and is dependent on 
subunit conformation (34). Recently, the three-dimensional 
structure of LTp-I was solved by X-ray diffraction (43). The 
A2 domain of LTp-I is inserted into a pore formed at the 
center of the B pentamer, and the A2 domain interacts 
noncovalently with alpha helical domains of the B polypep- 
tides to form holotoxin. Since LT-I and CT are highly 
homologous in these regions of their A and B polypeptides, 
it is not surprising that hybrid holotoxins composed of 
purified LT-I and CT subunits can form stable and biologi- 
cally active molecules. Experiments presented in this paper 
demonstrate that hybrid holotoxins comprised of type I and 

II subunits also can be formed, although the A2 domains of 
type I and II enterotoxins show only moderate amino acid 
sequence homology and the B polypeptides of type I and II 
enterotoxins have little, if any, significant homology. The 
data suggest that type I and type II toxins have common 
structural features that are required for holotoxin assembly 
but are not readily apparent from their primary amino acid 
sequences. 

Hybrid toxins were expressed from strains containing all 



TABLE 4. In vitro formation of biologically active holotoxin in 
mixtures of extracts containing A and B subunits 



Toxin composition 0 
Subunit A Subunit B 


Immunoreactivity 
(Hg/mlf 


Cytotoxicity^ 


LT-IIa 




0 




LT-IIb 




0 




LT-I 




0 






LT-I 


0 






LT-IIa 


0 






LT-IIb 


0 




LT-IIa 


LT-IIa 


2.0 


+ 


LT-IIb 


LT-IIb 


1.9 


+ 


LT-IIa 


LT-IIb 


2.8 


+ 


LT-IIb 


LT-IIa 


12.5 


+ 


LT-I 


LT-IIa 


0 




LT-I 


LT-IIb 


0 




LT-IIa 


LT-1 


0 




LT-IIb 


LT-I 


0 





" Equal volumes (10 to 50 of polymyxin B sulfate extracts from strains 
expressing LT-I I A or B subunits were mixed and incubated for 10 min at 37°C 
prior to the solid-phase radioimmunoassay assay for holotoxin or the Yl 
adrenal cell assay for cytotoxicity (29). 

h Specificities of the MAb used in the solid-phase radioimmunoassay: MAb - 
4B6 (LT-I) (2), MAb 5C5 (LT-IIa), and MAb 19G5 (LT-llb). 

' The mixture caused cither a +4 rounding response ( + ) or no rounding (-) 
in a Yl adrenal cell cytotoxicity assay. 




Ganglioside (ng) Ganglioside (ng) 

FIG. 1. Relative ganglioside-binding activities of toxins formed from homologous and heterologous combinations of A and B subunits from 
E. coli type I and type II enterotoxins. (A) Both A and B polypeptides from LT-IIa; (B) A polypeptide from LT-IIb and B polypeptide from 
LT-IIa; (C) both A and B polypeptides from LT-IIb; (D) A polypeptide from LT-IIa and B polypeptide from LT.-Ub; (E) both A and B 
polypeptides from LTp-I; (F) A polypeptide from LT-IIa and B polypeptide from LTp-I; (G) A polypeptide from LT-IIb and B polypeptide 
from LTp-L +, GM1; A, GDla; O, GDlb. 



pairwisc combinations of A and B genes from type I and type 
II cntcrotoxins on complementary plasmids or in operon 
fusions. The hybrid cntcrotoxins were usually detected in 
smaller amounts than the wild-type toxins containing A and B 
subunits, both in strains with complementing plasmids and in 
strains expressing both toxin subunits from a single operon 
fusion. Previous investigations have shown that prior treat- 
ment with trypsin was necessary to obtain the fully nicked 
form of purified LT-IIb toxin and to demonstrate its maximal 
toxicity (15). Attempts by Western blotting (immunoblotting) 
to determine the degree of nicking in these hybrid toxins were 



inconclusive, and treatment of the crude extracts with trypsin 
did not increase their toxicity (data not shown). 

Extracts containing LTp-I A polypeptides and either LT- 
IIa or LT-IIb B polypeptides were slightly toxic on Yl cells, 
but immunorcactive toxin was not demonstrated with any 
MAb among several that were specific for the A subunit of 
LTp-I or the B subunit of LT-IIa or LT-IIb. It is possible that 
specific epitopes on these particular hybrid toxins are con- 
formational^ altered or obscured. Alternatively, these par- 
ticular hybrid toxins may be highly toxic but expressed at 
levels that arc below the limit of sensitivity of the solid-phase 
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FIG. I— Continued. 



radioimmunoassays used in our experiments (approximately 
100 pg per assay). 

To demonstrate that the B polypeptides of type II enter- 
otoxins determine their ganglioside-binding activity and to 
investigate the effects, if any, of different A polypeptides in 
modifying the ganglioside-binding activity or specificity of 
the B polypeptides in hybrid holotoxins, we studied the 
ganglioside-binding activities of all of the wild-type and 
hybrid holotoxins that we prepared. Our results demon- 
strated that each of the hybrid toxins maintained the same 
preference for ganglioside-binding that was exhibited by the 
native holotoxin with the same B subunit. We conclude that 
the B subunits alone determine ganglioside-binding specific- 
ities for both LT-I and LT-Il enterotoxins. 

Assembly of type I enterotoxins is thought to occur in a 
stepwise manner in vivo. The A polypeptides of type 1 



enterotoxins do not assemble with mature B pen tamers 
either in vivo or in vitro; instead, they appear to interact with 
an intermediate complex of B polypeptides (B„, where n is 
less than 5) (18). Assembly of type I holotoxins does occur in 
vitro when A polypeptides and monomeric B polypeptides 
are denatured in acidic urea and slowly renatured by dialysis 
against appropriate buffers (16, 44). In contrast, the experi- 
ments reported here demonstrated that either homologous or 
heterologous mixtures of A and B polypeptides of LT-IIa 
and LT-IIb assembled readily in vitro, without prior expo- 
sure to denaturing conditions, to form immunoreactive and 
biologically active holotoxins. Further experiments will be 
needed to investigate the kinetics and stoichiometry for 
assembly of purified subunits of type II enterotoxins in vitro 
and compare the pathways for assembly of type II entero- 
toxins in vivo and in vitro. 

In summary, all homologous and heterologous combina- 
tions of A and B polypeptides from type I and type II 
heat-labile enterotoxins are capable of assembling into active 
holotoxins in vivo, although not with equal efficiency. The 
data suggest that certain structural features necessary for 
interaction of A and B polypeptides during holotoxin assem- 
bly have been conserved among type I and type II entero- 
toxins, but these features are not evident from primary 
amino acid sequences. Determination of the three-dimen- 
sional structure of a representative type II enterotoxin is an 
important goal and will permit direct comparisons of the 
interactions between the A and B polypeptides in mature 
type I and type II heat-labile enterotoxins. 
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[57] ABSTRACT 

The present invention provides chimeric proteins such as 
Salivary Binding Protein (SBR) coupled to the B subunit of 
cholera toxin. Such a chimeric protein, when expressed in 
attenuated Salmonella typhymurium produces significant 
increases in serum IgG and salivary IgA antibody levels 
after oral immunization. In another embodiment of the 
present invention, the recombinant plasmid contains a sali- 
vary binding protein-cholera toxin A2/B chimeric protein 
expressed in E. coli. Intragastric immunization of SBR 
coupled to CTB in this chimeric protein form leads to 
increased antigen responsive T cells. In another embodiment 
of the present invention, the recombinant plasmid contains 
a salivary binding protein-cholera toxin*'* 1 chimeric protein 
expressed in Salmonella typhimurium. Oral immunization 
using this recombinant plasmid results in increased serum 
IgG responses to antigen. Oral immunization using this 
recombinant plasmid also resulted in increased salivary IgA 
antibody res* ~n<ses to antigen. 
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MUCOSAL IMMUNOGENS FOR NOVEL is generally not associated with suppression but rather with 

VACCINES stimulation of protective secretory and serum antibody 

responses as well as cell-mediated immune responses. 

CROSS REFERENCE TO RELATED Initial adherence of Streptococcus mutatis to tooth sur- 

APPLI CATION 5 faces appears to be mediated largely by the 167 kDa surface 

fibrillar adhesin known as Ag I/I I (synonyms: antigen B, PI, 

The present application claims pnonly to provisional SpaP, PAc). The adhesion domain thai interacts with salivary 

application U.S. Ser. No. 60/024,074, filed Aug. 16, 1996, has bccn Ioca(cd lQ the alanilM5 . ricn (A) repeat 

now abandoned. region in the N-terminal part of the molecule extending from 

DArwoniiun r\c ran ixn/cMTiAM io lne rcll surface probably in an a-helical conformation. 

BACKGROUND OF THE INVENTION e ». , A r/II : . * . . 

Studies on Agl/II indicated that rhesus monkeys immunized 

1. Field of the Invention with S. mutans and protection against dental caries mounted 
The present invention relates generally to the fields of anlibody responses especially against the complete molecule 

molecular immunology and protein chemistry. More ralher thaD a & ainst whicn corresponds to the 

specifically, the present invention relates to a novel mucosal is C-terminal one-third. These results were supported by the 

immunogens for use in novel vaccines. finding that immunization with either complete Agl/II, or the 

2. Description of the Related Art ^ ^TT" f™™^ 11 ? to ** ^rmnaal 

r two-thirds), afforded protection against canes. Thus, one 

An oral immunization strategy is when the desired approach to immunization against S. m^/a/is-induced dental 

mucosal immunogen is genetically fused to the A2 subunit 2Q caries be based upon the generation of an appropriate 

of cholera toxin (CT) that mediates association with the B antibody response in the saliva that would inhibit the adher- 

subunit of CT, a potent immunoenhancing agent. An antigen ence of s to surfaces. Human secretory IgA 

selected for evaluating the oral immunogemcity of such (S-IgA) antibodies to Agl/II inhibit such adherence, 

non-toxic CTA2/B-based constructs is the saliva-binding I Iowever, S-IgA antibodies in saliva and other secretions are 

region (SBR) of the Agl/II adhesin from the oral bacterium nol effectively induced by conventional parenteral immuni- 

Streptococcus mutans. The SBR genetically linked to CTA2/ zation 

B, designated SBR-CT**', was found to be immunogenic by S -IgA antibodies are most effectively induced by stimu- 

the oral route and ehcited high levels of secretory mununo- |ati ^ commoQ mucosal immune ^ fof { 

globulin A (S-IgA) and serum IgG antibodies to Agl/II. b y enteric immunization which stimulates the gut-associated 

Despite its great importance for mucosal defense, the ^ lymphoid tissues including the Peyer's patches (PP) of the 
S-IgAantibody response is often of relatively short duration, sma ]i intestine. Considerable attention has been given to the 
lasting from a few weeks in experimental animals to a few development of improved procedures for the oral delivery of 
months in humans. Moreover, whether the secretory vaccines, one of which is coupling antigens to the nontoxic 
immune system is capable of anamnestic immune responses binding B subunit of cholera toxin (CT), a safe and highly 
has been debated, but recent studies in mice and humans 35 immunogenic protein in humans. CTB, because of its avid 
have addressed me concept of immunological memory at the binding to ganglioside, present on all nucleated cell 
mucosal surfaces. Immunological memory can be maoi- surfaces, is readily taken up by the M cells covering PP, and 
fested as a long-lasting immune response or as a faster and passed to the underlying immunocompetent cells which 
more vigorous anamnestic response to re-encounter with an initiate the mucosal IgA antibody response. Antigen- 
antigen. Adesirable vaccine characteristic is the induction of ^ stimulated IgA-committed B cells, and corresponding T 
prolonged immune responses, especially when the patho- ne ipe r then emigrate via draining lymphatics to the 
genie organism is frequently encountered at mucosal mesenteric lymph nodes (MLN) and thence via the thoracic 
surfaces, in which case a continuing level of immunity may duct to t he circulation before relocating in the effector sites 
be necessary. Q f mucosal immunity, such as the salivary glands. Terminal 

IgA antibodies in external secretions protect mucosal 45 differentiation of B cells into IgA-secreting plasma cells 

surfaces, e.g., of the gastrointestinal and respiratory tracts, occurs here and their product, polymeric IgA is transported 

by blocking microbial adherence and colonization. Oral through the glandular epithelium to form S-IgA Other 

administration of vaccines can result in the induction of antigens can be coupled to CTB to generate strong mucosal 

secretory immune responses after uptake of the antigen by IgA antibody responses to the desired antigen and that intact 

the gut-associated lymphoid tissues, a major IgA inductive 50 CT, though toxic, serves as an adjuvant that enhances the 

site. However, most soluble proteins arc not only poor response to co-administered antigens, 

immunogens when given orally but they may induce a state The expression of foreign genes encoding immunogens of 

of systemic unresponsiveness known as "oral tolerance". interest in avirulent derivatives of Salmonella typhimurium 

The experimental use of cholera toxin from Vibrio cholerae is usc d as a strategy to induce mucosal immune responses to 

or the related heat-labile enterotoxin from Escherichia coli 55 protein Ags which are usually poor oral immunogens when 

as mucosal adjuvants inhibit induction of oral tolerance and administered alone. Indeed, 5. typhimurium appears to be an 

potentiates the immune responses to co-adroinistcrcd protein effective antigen delivery system because of its ability to 

antigens. colonize the gut-associated lymphoid tissue where secretory 

Another strategy to overcome problems associated with IgA responses are initialed (I). IZtcctron microscopy studies 

oral immunization (e.g., denaturalion of the protein immu- 60 have shown that S. typhimurium preferentially interacts with 

nogens by gastric acid and digestive enzymes, limited the specialized antigen-sampling M cells overlying the Pcy- 

absorption by the intestinal mucosa, and clearance by er's patches in the GAIT (2). At these sites, antigenic 

peristalsis) as well as the need to purify a vaccine protein, stimulation of specific IgA-commitled B cells results in their 

involves the use of avirulent derivatives of Salmonella migration to mucosal tissues where they differentiate into 

typhimurium as a vaccine delivery system with tropism for 65 IgA-secreting plasma cells, with subsequent release of 

the gut -associated lymphoid tissues. Oral immunization with secretory IgA antibodies in external secretions (3). These 

avirulent S. typhimurium expressing heterologous antigens antibodies play an important role in the defense of mucosal 



(. ( 

6,030,624 

3 4 

surfaces, e.g., of the gastrointestinal and respiratory tracts, subunils, which were compared for their ability to induce 
by inhibiting microbial adherence and colonization or inva- antibody responses to the expressed heterologous antigen 
sion (4). Depending on the species and host. Salmonella after oral or intranasal immunization of mice. Expression of 
organisms may disseminate to the spleen, the liver, and cloned immunogens in these systems is temperature- 
regional lymph nodes, take residence in macrophages, and 5 regulated, being optimal at 37° C, and the two clones 
thereby induce scrum antibody and cellular immune produced similar levels of the streptococcal antigen. Both 
responses (1 ). clones were found to stimulate high levels of serum IgG and 

The Issue of whether CTB alone has mucosal adjuvant mucosal IgA antibodies to the cloned immunogen. A con- 
properties has been questioned especially for oral immuni- sistent trend was observed towards higher mucosal IgA but 
zation (14, 19), although CTU confers a targeting property 10 lower. scrum IgG responses in the case of the & typhimurium 
to Ags coupled to it because of its affinity for G^, ganglio- vector that co^cxprcsscd CTA2/B, a potential mucosal 
side receptors (20). If CTB possesses immunoenbancing adjuvant, regardless of the route of administration. Also 
properties, other than its carrier/targeting effect, it could also noteworthy was the capacity of these antigen-delivery sys- 
be useful as a Salmonella-expressed adjuvant, especially for ten >s to induce anamnestic mucosal and systemic responses 
proteins that are poor immunogens even when delivered by 15 lo ihe cloned immunogen 15 weeks after the primary 
S. typhimurium. A commercially obtained CTB preparation, immunization, despite pre-existing immunity to the Salmo- 
lacking detectable cAMP-elevating capacity, was found to nella vectors. Although the serum IgG response against the 
potentiate in vitro antibody production against an unrelated Salmonella vector was characterized by a high IgG2a/IgGl 
protein antigen by stimulating the antigen-presenting func- ratio (indicative of the Thl/Th2 profile), a mixed IgGl and 
tion of splenic adherent cells through enhanced IL-1 pro- 20 IgG2a pattern was observed for the carried heterologous 
duction (21). An enhancing effect on antigen presentation by antigen, which displayed a dominant IgGl response when 
macrophages was also demonstrated for recombinant administered as a purified immunogen. The present inven- 
(r)CTB (22), which, moreover, up-regulates expression of tio Q indicates that the recombinant streptococcal antigen and 
MIIC class II molecules on B cells, which can also act as CTA2/B are strong immunogens when expressed by the 
antigen-presenting cells (23). The fact that commercially 25 antigen-delivery system, and that CTA2/B may have an 
available CT B is contaminated with small but variable additional immunoenhancing activity in the mucosal con> 
amounts of intact CT may explain conflicting reports on the partment besides its ability to target antigen uptake into the 
adjuvant capacity of CTB (14) as well as findings that mucosal inductive sites and, therefore, may be useful as a 5. 
commercial CTB is superior to rCTB as an adjuvant for typhimurium-cloaed adjuvant for co-expressed protein Ags. 
intranasal (i.n.) immunization (24, 25). 30 other and further aspects, features, and advantages of the 

The prior art is deficient in the lack of effective mucosal present invention will be apparent from the following 

immunogens, for use in, e.g., a caries vaccine. The present description of the presently preferred embodiments of the 

invention fulfills this longstanding need and desire in the art. invention given for the purpose of disclosure. 

SUMMARY OF THE INVENTION 35 BRIEF DESCRIPTION OF THE DRAWINGS 

The present invention demonstrates that primary oral So mat the matter in which the above-recited features, 

immunization of mice with a bacterial protein antigen advantages and objects of the invention, as well as others 

genetically coupled to the A2/B subunits of cholera toxin which will become clear, are attained and can be understood 

induced specific secretory immunoglobulin A and serum IgG ^ m detail, more particular descriptions of the invention 

antibodies that persisted at substantial levels for at least 11 briefly summarized above may be had by reference to 

months. A subsequent single booster immunization did not certain embodiments thereof which are illustrated in the 

further enhance the antibody responses. lx>ng-term antibody appended drawings. These drawings form a part of the 

persistence may be especially important in infections caused specification. It is lo be noted, however, that the appended 

by common pathogens for which continuous immunity 45 drawings illustrate preferred embodiments of the invention 

would be advantageous. and therefore are not to be considered limiting in their scope. 

The present invention further shows that a major adhesin FIGS. 1(A)-1(D) shows the persistence of scrum IgG 

from the oral pathogen Streptococcus /nutans is mucosally antibody to Agl/II and CT after peroral immunization of 

immunogenic upon genetic fusion with the cholera toxin mice with SBR-CT^ 1 chimeric protein ( w ) and a single 

A2/B subunits.. To take advantage of the ability of Salmo- so Doostcr immunization 11 months later ("). Mice were given 

nella typhimurium to deliver cloned antigens to the mucosal Ihc immunogen in the presence (FIG. 1A and FIG. 1C) or 

inductive sites that would obviate the need for antigen absence FIG. IB and FIG. ID of CT adjuvant. Data are 

purification, thus chimeric construct was expressed in an presented for each mouse individually, 

attenuated S. typhimurium strain under the control of bac- FIGS. 2(A)-2(D) shows the duration of salivary IgA 

teriophage 17 transcription. Residual expression of the S5 antibody to Agl/II and CT following peroral immunization 

temperature-regulated T7 RNA polymerase at 30° C. of mice with SBR-CT^ 1 chimeric protein f~) and a single 

•ilc^cd production of the chimeric protein at 2-3% of the booster immunization 11 months later Q. Mice were given 

total soluble protein, but it was increased 5-6 times follow- the immunogen in the presence FIG. 2A and FIG. 2C or 

ing induction at 37° C. Oral administration of a single dose absence FIG. 2B and FIG. 2D of CT adjuvant. Data are 

of 10° recombinant Salmonella to mice resulted in serum 6( , presented for each mouse individually. 

IgG and salivary IgA antibody responses to Salmonella, nG . 3 shows thc SDS-PAGE analysis of inclusion bodies 

cholera toxin, and the streptococcal adhesin, which were produced under different induction conditions by 5 typh- 

generally enhanced alter a booster immunization. imurium expressing the SBR-CT" 1 chimeric protein A 

'Ihe present invention also discloses an avirulenl Salmo- related strain lacking SIM-CT^ 1 was used as a negative 

nella typhimurium vaccine strain expressing a streptococcal t>5 control. Two prominent bands migrating at about 60 kDa 

protein adhesin, and a similar clone which produces the aiul about 14 kDa present in the expressing strain after 42° 

same streptococcal antigen linked to the cholera toxin A2/H C induction (and to a lesser extent after 37° (\ induction) 
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correspond lo the Mr of SBR-CTA2 and CTB (monomer), Data represent geometric means x/(SD of 5 to 6 mice. For 

respectively. The CTB component of purified SBR-CT** 1 clarity only the upper or lower SD bars arc shown, 

ran relatively faster (Mr-1 1.5 kDa) due to processing of the FIGS. 10(A)-10(C) shows the serum IgG (FIG. 10A) 

precursor polypeptide by signal peptidase during transportio salivary IgA (FIG. 10B), and intestinal IgA (FIG 10C) 

the periplasms space, while an additional band from SBR- 5 antibody responses to CT and S. typhimurium vector after 

CI A2 may represent a degradation product. oral immunization O of mice with SBR- or SBR-CT** 1 - 

FIGS. 4(A)-4(B) shows the scrum IgG FIG. 4A and producing Salmonella clones on weeks 0 and 15. Mice were 

salivary IgA FIG. 4B antibody responses lo S. typhimurium immunized with two doses of 10° CFU of the appropriate 5. 

and cloned antigens in mice orally immunized with 10 9 typhimurium clone during week 0, and were given a single 

bacteria on weeks 0 and 7 Q. Immune response data for 10 dose of 10 10 CFU 15 weeks later. Results are shown as 

weeks 5, 8 and 10 represent geometric means x/+ standard geometric means x/+ SD of 5 to 6 mice. Data for weeks 3 

deviation of five mice. Pooled samples were assayed at other to 7 (FIGS. 10B and 10C) were obtained by assaying pooled 

time points. samples from 5 to 6 mice per corresponding group. For 

FIGS. 5(A)-5(B) show the scrum IgG FIG. 5A and clarity only the upper or lower SD bars are shown, 

salivary IgA FIG. 5B antibody responses to Agl/II in unim- 15 FIGS. 11(A)-11(B) shows the serum IgG antibody 

munized mice and mice immunized once, twice, or three responses to Agl/II (FIG. 11 A) and CT and Salmonella 

times with SBR, SBR-CTA2/B, or SBR-CTA2/B plus CT vector (FIG. 11B) in mice immunized Q by the i.n. route on 

adjuvant. Immunizations were given on days 0, 10, and 20, weeks 0 and 15 with SBR- or SBR-CT^ 4 Expressing S.ty- 

and samples were collected 10 days after each phimurium clones. During week 0 mice were immunized 

immunization, i.e., on days 0 (unimmunized mice), 10 (one 20 with three doses of 10 8 CFU of the appropriate S. typhimu- 

dose), 20 (2 doses), or 30 (3 doses). Results shown are Hum clone and 15 weeks later they were given a single dose 

mean+/-SD of samples from 3 animals analysed separately. of 10 9 CFU. Data arc expressed as the geometric means 

Salivary IgA antibodies were below detectable levels (<0. 1 x/(SD of 6 mice. 

^g/ml) on days 0 and 10, and are shown at this level in (b). ^ FIGS. 12(A)-12(C) shows the salivary IgA antibody 

FIG. 6 shows the proliferative responses of cells from PP, 25 responses to Agl/II in mice orally immunized (~) on weeks 

MLN, and spleens of unimmunized (control) mice and mice 0 and 15 with SBR- or SB R-CT^ 1 -expressing S.typhimu- 

im munized once, twice, or three times with SBR, SBR- rium. During week 0 mice were immunized with one FIG. 

CTA2/B, or SBR-CTA2/B plus CT adjuvant, cultured in 12A, two FIG. 12B, or three FIG: 12C doses of t(f CFU of 

vitro with Agl/II. Results shown are mean stimulation indi- the appropriate 5. typhimurium clone. At 15 weeks the 

ccs of 3 replicate cultures; SD values ranged from -0.04 to animals were given a single dose of 10 10 CFU. Results arc 

-0-95* the geometric means x/(SD of 5 to 6 mice. Data for weeks 

FIG. 7 shows the phenotypio «oalysis of cells from PP, 3, 5, and 7 in groups which received one or two primary 

MLN, peripheral blood, and spii en cf unimmunized mice doses, were obtained by assaying pooled samples from 5 to 

and mice immunized once, twice, or three times with SBR, 35 6 mice P er corresponding group. 

SBR-CTA2/B, or SBR-CTA2/B plus CT adjuvant. Each FIGS. 13(A>-13(B) shows the salivary IgA antibody 

'pie' shows the proportions of CD4% CD8* and CD3" responses to Agl/II (FIG. 13A) and CT and Salmonella 

(non-T) cells as a percentage of total gated mononuclear vector (FIG. 13B) after i.n. immunization (") of mice on 

cells determined by flow cytometry, starting with unimmu- weeks 0 and 15 with SBR- or SBR-CT" 1 -expressing 5. 

nized mice (center of each 'pie'), and proceeding outwards ^ typhimurium clones. During week 0 mice were immunized 

in concentric rings with mice immunized once, twice, or with three doses of 10 8 CFU of the appropriate 5. typhimu- 

three times. Numbers within the rings are the % of each rium clone and 15 weeks later they were given a single dose 

phenolype of cells (for clarity, CD8* cell data are shown of 10 9 CFU. Data represent geometric means x/(SD of 6 

outside the * pics' in descending order: 0, 1, 2, and 3 doses); mice. 

the value shown for MLN from mice immunized once with 45 FIGS. 14(A)-14(B) shows the serum IgG FIG. 14A and 

SBR (marked as "51?") was not obtained experimentally, salivary IgA FIG. 14B antibody levels to Agl/II induced by 

but was inserted for plotting purposes as the average of the either i.n. or i.g. immunization Q of mice on weeks 0 and 

values either side of it. The numbers in each ring of a 'pie' 15 with S. typhimurium expressing SBR alone or SBR- 

do not sum to exactly 100%, because of the presence of CT" 1 chimeric protein. The animals were given a single 

some CD4 /CD8 ("double-negative") CD3 + T cells, and 50 primary immunization of 10 9 CFU (i n.) or 10 10 CFU (i.g.) 

possibly some CD47CD8* ("double-positive") T cells in followed by a booster immunization with the same dose 15 

each cell preparation. weeks later. Data were obtained by assaying pooled samples 

FIG. 8A shows a schematic representation of the plasmids from 3 mice per corresponding group, 

used to transform SBR-CT^'-or SBR-cxprcssing S. typh- FIGS. 15(A)-15(C) shows the intestinal IgA antibody 

imurium clones. FIG. 8B shows a western blotting of cell 55 responses lo Agl/II in mice orally immunized f) on weeks 

lysates from the SBR-CI** '-and the SBR-produeing clones 0 and 15 with S. typhimurium clones expressing SBR or 

using antibodies to SBR detected the SBR-CIA2 fusion SBR-CI ,/M1 . During week 0 mice were immunized with one 

protein and the SBR, respectively. The control lane is a FIG. 15A, two FIG. 15B, or three FIG. 15C doses of l(f 

lysate from a clone transformed with the pGPl-2 plasmid CFU of the appropriate 5. typhimurium clone. At 15 weeks 

onIv 60 the animals were given a single dose of 10 10 CFU. Results 

FIGS. 9(A)-9(C) shows the serum IgG antibody are the geometric means x/(SD of 5 to 6 mice. Data for 

responses to native Agl/II in mice orally immunized (~) on weeks 5 and 7 were obtained by assaying pooled samples 

weeks 0 and 15 with SHR- or SBR-Or** '-expressing S. from 5 to 6 mice per corresponding group. 

typhimurium clones. During week 0 mice were immunized FIGS. 16(A}-16(B) shows the intestinal IgA antibody 

with one FIG. 9A, two FIG. 9B, or three FIG. 9C doses of 65 responses to Agl/II (FIG. 16A) and CT and S. typhimurium 

10" CFU of the appropriate >S\ typhimurium clone. At 15 (FIG. 16B) after i.n. immunization O of mice on weeks 0 

weeks the animals were given a single dose of 10'° CFU. and 15 with .S .typhimurium vectors producing SBR alone or 
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SBR-C I chimeric molecule. During week 0 mice were 
immunized wi.h three doses of 10" CFU of the appropria.e 
.' 0P*«wniim clone and 15 weeks la.cr Ihcy were given a 
angle dose of .0' CFU. Data represent geometric mea as 
x./($l) of 6 mice. 

a l ?m 17 ? h0W * thC SCn " n ' eG an,ibo<J y responses to native 
Agl/II in intranasal^ immunized rats. The animals were 
immunized three limes at 14~day intervals with 25 ue of 
recombinant B subunit of cholera toxin (rCTB) or with 50 ur 
of the appropriate immunogen gencticaUy or chemically 
l.nked to rCTB (see group definition) in the presence or 
absence of an adjuvant amount (1 ng) of cholera toxin (CT) 
Data arc from samples obtained two weeks after the last 

SStSwf* rePreSCn ' 8e0melriC ~'-^rd 
HG. 18 shows the serum IgG antibody responses to 
recombtn.nl SBR (42-kDa saliva-binding region at the 
N-lenmnal of Agl/II) in inlranasally immunized rats The 
animate were immunized three limes at 14<iay intervals 
with 25 n of rCTB or with 50 Mg of the appropriate 
immunogen genetically or chemically linked to rCTB (see 
group definitions) in the presence or absence of an adjuvant 
amount (1 Ag ) of CT. Data are from samples obtained two 
mcaS+sET laS ' " nmunizati0D and ^present geometric 

FIG. 19 shows the serum IgG antibody responses to Agll 
(C-tenninal one-third of Agl/H) in inlranasally immunized 
rats, rhe animals were immunized three times at 14^iav 
intervals with 25„gof rCTB or with 50^g of the appropriate 
immunogen genetically or chemically linked to rCTB in the 
presence or absence of an adjuvant amount (1 «g) 0 f CT. 
Data arc from samples obtained two weeks after the last 
immunization and represent means±SD. 

FIG. 20 shows the serum IgG antibody responses to CT in 
inlranasally immunized rats. The animals were immunized 
three tunes at 14*iay intervals with 25 #g of rCTB or with 
MJ jUg of the appropriate immunogen genetically or chemi- 
cally bnked to rCTB (see group definition) in the presence 
or absence ot an adjuvant amount (1 ^g) of CT. Data are 
from samples obtained two weeks after the last immuniza- 
tion and represent geometric meansaSD. 

a 2 !/, 5 / 1 ™ 5 ,bC ^ antibod y responses to 
native Agl/II ,n inlranasally immunized rats. The animals 
were immunized three times at 14-day intervals with 25 u R « 
of recombinant B subunit of cholera toxin (rCTB) or with 50 
m ot the appropriate immunogen genetically or chemically 
linked to rCIU (see group definition) in the presence or 
absence of an adjuvant amount (1 fig) of cholera toxin (CT) 
Data arc samples obtained two weeks after the last immu- 
nization and represent geometric means±SD. 

FIG^ 22 shows the salivary IgA antibody responses to 
recombinant SBR (42-kDa saliva-binding region at the 
N-terminal of Agl/II) in inlranasally immunized rats Ihl 
animals were immunized three times at 14-day intervals 
w.h 25 Mg of rCTB or with 50 „g of the appropriate 
immunogen genetically or chemically linked to rCTIS ! fsee 
group definition) in the presence or absence of an adjuvant 
amount ( I m ) of CI'. Data are samples obtained .wo weeks 
alter 'he last immmunization and represent geometric 

A.-IUrf Sh °T thc u Sal : var y a "'«'ody responses to 
Agll ((.-terminal one-third of Agl/II) in inlranasally immu- 
nized rats. 11k animals were immunized three limes at 
14-day miervals with 25 ,<g of rCTB or with 50 u» „f , hc 
.ppropnalc rnimunogen genelically „r chemically linked u, 
r(. I B (see group definition) in the presence or absence of an 



adjuvant amounl (1 ^ of CT Da , a 

obtained two weeks after .be last immunization and 2*! 
sent geometric mcansiSD. P 

in '.nL^ -IT* thC SaUVary '^'"^y responses to CT 
in inlranasally immunized rats. The animals were immu- 

wuti 50 of the appropnate immunogen genetically or 
chemically finked to rCTB (see group definition) in the 
presence or absence of an adjuvant amount (1 J of CT 
Data are from samples obtained two weeks afte7tbe fast 
immumzauon and represent geometric means±SD 
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Group Abbreviations 



Groups Defined 
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fNF 
B 

b/ct 

CIIIM/CT 
SBR/B 
SBR/B/CT 
II/B 

li/B/CT 

l/II/B 

t/II/B/CT 



Unimmunized controls 
rCTB 

rCTB + CT 
SBR-CT** 1 

SBwer 4 * 1 +cr 

SBR-fCTB 
SBR-rCTB + CT 
Aglt-rCTB 
Agft-rCTB + CT 
Agt/H-rCTB 
Agl/M-rCTB ♦ CT 
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DETAILED DESCRIPTION OF THE 
INVENTION 

The following abbreviations may be used herein- GALT- 
gut-associated lymphoid tissue; CT: cholera toxin; CTA2/B-' 
cholera toxm snb„oi|sA2/B; CTB: cholera loxio subunit B : 
rCTBrrecombmant CTB; i.n.: intranasal; i.g. : intragastric ' 
As used herein, the term "fusion protein" refers to a single 
contiguous protein produced by the expression of DNA 
sequences for one protein fused to DNAsequences encoding 
a different protein. 

'•. As used herein, the term "chimeric protein" refers to a 
fusion protein assembled with a different protein 

The present invention is directed to a composition of 
matter comprising a novel plasmid for use as V mucosal 
immunogen to prevent or inhibit ihe formation of dental 
car.es. This recombinant plasmid expresses a chimeric pro- 
tern which is a primary immunogen that induces long term 

on !m? ,TT P "f UCti0n ° f ' hC Ch,meric P ro ' ei " " 
optimal at physiological temperatures, i.e., 37° C. 

In one embodiment of the present invention, the chimeric 
protein immunogen is constructed by fusing a large segment 

IIT^ an " 8e0 • e g ' Sa,ivar * Bindin g Pro «ein (SBR) 
trom St rep ococcus nutans surface protein (Agl/II) to the 
A2 subunit ol cholera toxin, and assembUnt this with 
cholera toxin B subunits to form the chimeric protein. X 
! d «'goa'cd SBR-CTA2/B, or SBR-CT" 1 . The latter des 
55 .gnation refers to the delelion ihe Al subunit of cholera toxin 
(which is the actual toxic comnon-.nl> r mm lhe |ic 
construct, and its replacement bv SBR ' SP H-CTA2/B" is a 
shorthand molecular formula foi ih; -"ji-peric protein 

Initially, SBR-CTA2/B was produced in Escherichia coli, 
a id the pur, heel chimeric protein, ws« immunogenic by oral 
or intranasal administration with the generation of scrum 
and salivary antibodies which can last for up to at least 11 
months ,n mice. The duration of antibody responses is novel 
and not predictable or expected. The establishment of regu- 
latory I cells is in part intended to build a case for the 
generation ol long-term memory within the mucosal 
immune syslcm, because. that is not -expected' insofar as is 
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widely held thai memory Ls limiled in Ihe mucosal immune vaccines using zona pcllucida antigcas; g) vaccine against 

system. ITic chimeric protein of the present invention, when respiratory syncytial virus; h) generation of "oral tolerance" 

expressed in attenuated Salmonella typhimurium produces to auto-antigens (auto-immunc conditions); i) vaccines 

significant increases in serum IgO and salivary IgA antibody against mycoplasma infections; and j) vaccines against 

levels after oral immunization. 5 Staphylococcus aureus protein A. 

A second embodiment of the present invention Ls the In yet another embodiment, the vaccine construction 

expression of SBR-CTA2/B in Salmonella typhimurium for technology of the present invention can be used to generate 

delivery in a live carrier (attenuated) organism. The advan- immunity mediated by so-called cytotoxic T cells instead of 

tages of this construct are that there Ls no need to purify the antibodies. This methodology would have applications espc- 

product, and that a slightly different spectrum of immune 10 cially against viral infections. 

sTn^^a^Y ^ ° btainCd ' WilH bcncflcial »PP««i°«* in Thus, the present invention is directed to a plasmid 

capable of replication in a host which comprises, in operable 

In another embodiment of the present invention, the linkage: 

recombinant plasmid contains a salivary binding protein- a ) arj origin of replication; b) a promoter; and c) DNA 

cholera toxin A2/B chimeric protein expressed in £. coli. sequences encoding the A2 subunit of cholera toxin In 

Intragastric immunization of salivary binding protein addition, the plasmid may further comprise DNA sequences 

coupled to CTB in this chimeric protein form leads to encoding subunit B of cholera toxin fused to the A2 subunit 

increased antigen responsive T cells. of choIcra loxin 0oc SUCQ preferred plasmid fe pCI ^i 

In another embodiment of the present invention, the 2Q (deposited with ATCC, 10801 University Blvd., Manassas, 

recombinant plasmid contains a salivary binding protein- Va. 20110-2209 on May 4, 1999, designation PTA-4). In 

cholera toxin** 1 chimeric protein expressed in Salmonella another embodiment, the plasmid further comprises sab vary 

typhimurium. Oral immunization using this recombinant binding protein (SBR) from Streptococcus mutans surface 

plasmid results in increased serum IgG responses to antigen. protein (Agl/Il) fused to the A2 subunit of cholera toxin. 

Oral immunization using this recombinant plasmid also 25 One such preferred plasmid is designated pSBR-CTA2/B or 

resulted in increased salivary IgA antibody responses to pSBR-CT** 1 (deposited with ATCC, 10801 University 

antigen. Blvd., Manassas, Va. 20110-2209 on May 4, 1999, desig- 

There are many potential uses for the technology of the nation PTA-5). 
present invention in mucosal vaccine development. The In another embodiment, the present invention is directed 
basic method is amenable to almost any other protein 30 to a plasmid capable of replication in a host which 
antigen that can be cloned and inserted into the construct comprises, in operable linkage: a) an origin of replication; b) 
instead of SBR. For example, a protein antigen from Strep- a promoter; and c) DNA sequences encoding the A2 subunit 
tococcus pneumoniae cao be used to make a potential of cholera toxin, further comprising DNA sequences encod- 
vaccine against pneumonia. Similarly, constructs from ing an antigen of interest fused to DNA sequences encoding 
group A streptococcal proteins or a vaccine against Helico- 35 the A2 subunit of cholera toxin. In addition, there is provided 
barter pylori can be prepared using the methodology dis- a capable of replication in a host which comprises, in 
closed in the instant specification. Various applications of operable linkage: a) an origin of replication; b) a promoter; 
the present invention can be incorporated into commercial and c) DNA sequences encoding the A2 subunit of cholera 
products, i.e., vaccines for . the generation of immune toxin further comprising DNA sequences encoding an anti- 
responses that would afford protection against infections, or m gen of interest fused to DNA sequences encoding the A2 
various modifications of the immune response. These are subunit of cholera toxin. This plasmid may further corn- 
based on the use of CTA2/B chimeric proteins that include prises salivary binding protein (SBR) from Streptococcus 
protein segments from a variety of microorganisms, mutans surface protein (Agl/II) fused to the A2 subunit of 
intended for administration orally or intranasally, or possibly cholera toxin. The present invention also relates to chimeric 
by other mucosal routes (e.g., reel ally or intra-vaginally). 45 proteins and fusion proteins produced by the plasm ids of the 

For example, one may prepare vaccines to generate present invention, 

immunity to the organisms responsible for dental caries, i.e., In another embodiment, the present invention is directed 

the "mutans" streptococci {Streptococcus mutans and Strep- to an attenuated bacterial strain containing a plasmid of the 

tococcus sobrinus). This Ls based on the saliva-binding present invention. In a preferred embodiment, the bacterial 

region of S. mutans Agl/II, as described above. Secondly, 50 strain is Salmonella. 

one may prepare vaccines against Streptococcus pyogenes In another embodiment, the present invention is directed 

("strep, throat and its sequelae including acute rheumatic to a method of producing an immune response to a protein 

fever and acute glomerulonephritis, scarlatina, streptococcal antigen of interest in an individual in need of such treatment, 

toxic shock, and other infections). Further, one may prepare: comprising the step of administering to said individual a 

vaccines against Streptococcus pneumoniae (pneumococcal 55 pharmacologically effective dose of a chimeric protein of the 

pneumonia, otitis media, meningitis) using sequences from present invention. The protein may be administered by a 

pneumococal surface proten A(PspA), vaccines against: a) route selected from the group consisting of orally, 

neisseria meningitidis (meningococcal meningitis, otitis intranasally, intrarectal ly, intravaginally, intramuscularly, 

media) using neisscrial surface protein A (NspA-mcn); b) and subcutaneously. Preferably, the immune response results 

Neisseria gonorrhoeae (gonorrhea) using neisse rial surface w in the production of antibodies to the protein antigen 

protein A (NspA-gon); c) Streptococcus pneumoniae sequence in a bodily II u id selected from the group consisting 

(pneumococcal pneumonia, otitis media, meningitis) using of saliva, intestinal secretions, respiratory secretions, genital 

other pneumococcal protein antigen; d) vaccines against secretions, tears, milk and blood. Preferably, the immune 

Streptococcus equi ("strangles" in horses) using a Strepto- response Ls selected from the group consisting of develop- 

c<kcos equi surface protein; e) vaccines against influenza <>5 menl of antigen-specific T cells in the circulation and tissues 

virus Helicobacter pylori (gastric ulcer), respiratory palho- of said individual, the development of cytotoxic T cells and 

gens including Pseudomonas aeruginosa, i) contraceptive immunological tolerance to the protein antigen sequence. 
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The following examples are given for the purpose of enhanced anamnestic IgG response to Agl/II which was 13 

illustrating various embodiments of the invention and arc times higher than observed immediately prior to the boost 

not meant to limit the present invention in any fashion. (FIG. 1A). This finding suggests that anamnestic responses 

are not readily elicited in the presence of a relatively high 

EXAMPLE 1 5 persisting antibody response. As expected, naive mice devel- 

One object of the present invention was to demonstrate * P °° r ! g ° ^^y/^POoseto Agl/II or CT upon 

the duration of antibody responses to the Agl/II adhesin after chaUcDgC ^ ODC dosc of SBR-CT"'. 

oral immunization of mice with SBR-CT** 1 about 1 year ^ cobanccd salivary IgA anamnestic response was not 

earner. One group consisted of five mice previously given observed in these mice following the oral booster 

three doses of 100 /ig of SBR-CT^ 1 together with 5 ^/g of 10 Immuni/ -a«°n. ^en when CT was used as an adjuvant 

intact CT as an adjuvant (except for animal #5 in FIGS. ( nGS M and 2C >- Tracc lcvcIs of salivary antibody to 

1A/1C and FIGS. 2A/2C, the mice were given the dose Agl/H observed m two of the six naive mice were not altered 

adsorbed on Al(OH) 3 , which was shown to enhance serum after Sltlgle bcx>sler immunization, while the remaining 

IgG antibody responses after oral immunization). mice dld no1 devek >P any salivary response. It appears that, 

A second group comprised three similarly treated mice 15 ^Z^Zf^^ °J ^ 7*°** ™ 

with the exception that they were immunized in the absence tZlX^ ^ ,t ~ ^nutn^t of memory cells 

of intact CT. A thud group consisting of six mice which were lZr 5? <7 °* * * Auction s ltes 

, ■ * • r . ~ f , whereas the gut lamina propria may possess an additional 

sham immunized with buffer only were used as naive _ f . .. / „ T 

M . , c r a % tt j source of memory represented by local memory cells that 

controls. Saliva and scrum samples were collected 11 „ n ♦ - , , „ J . ■ . * * 

*u & .u i . j e *t_ • . * * 20 differentiate into plasma cells upon in situ activation bv 

months after the last dose of the primary immunization and . _i. j . - . , 7 . , „ ^ / 

„ r . * ^, . antigen adsorbed through mtestmal epithelia cells. This 

all three groups of mice were subsequently given 100 of -T, _ i t • tU ^ • r 

QnorT^i u„ r-r a- . /c \ ""S 01 resul1 111 me memory response being manifested more 

5>BR-CI by gastric intubation. CT adjuvant (5 «c) was ~* , i * • »u * * a * 

™-*A m i n ; c *~JA t~ ti^« fU ^ t « ■ § v r~ ™ readily at the gut lamina propria than at a remote effector site 

co- administered to those mice that had also received CT P11 „t, ' ti%a „; r ., , . 

..... . ... . . , . such as the salivary glands. 

during the primary immunization, and to half of the naive , c ori „ . ' °T ^ . . 

control animals. Samples of saliva and serum were collected 25 SBR represents 40 ^erence domain that mediates 

again 7 days after the booster immumzation and antibody ^ a ^ TT ^ ^ m .^ aces - 

responses were evaluated by ELISA on plates coated with S,fiA to * e whole ^ ^lecule inhibit 5. 

native Agl/II and CT. Unknown anubody concentrations TiT "? ^ 33 WeU 35 5 ' ""f* ^zauon 

were calibrated against mouse immunoglobulin reference M ™? f ntal ^^cT^^ m ^ 5 

serum standards assayed simultaneously in the same micro- 3 ° ^ m ° rc m f 95% ° f 1116 ^"P' 0 P°? ulatl011 ^ 

titer plate. Results were evaluated by Student's t test using 15 * T diSeasC ' me ^Unuous presence of 

the Multistat program (Biosoft, Cambridge, UK) with a f^ lVary S " ,gA # as weU as semmKienved IgG antibodies may 

Macintosh computer. Differences were considered signifi- DeCeSSa ^ to organism that is continually 

cant at the P<0.05 level ^ present in the oral cavity. The present invention shows that 

' * /n^o <A , 35 induction of long-term antibody responses is possible upon 

i T A mrt K°l "JS, gG . ( ^ S * 1A A a ^ r 1B) /^ P rimarv immunization with the SBR-CT- 1 cleric pro- 

salivary IgA (FIGS. 2 A and ^2B) anUr.odies to Agl/II and CT tein . ^ b rted b lhe ^ ^ 

persisted^ least until day 357, ahhough lower than imme- respo^ive T ^Us persist in cervical and mesenteric t^ph 

diately after immunization (day 28), even mm ice that did nodes for now up to eleven months after immunization. This 

not receive an adjuvant dose of intact CT (FIGS. IB and ID 40 immunization strategy applied to other mucosal infections 

plus FIGS. 2B and 2D). During the same period, the six by ]hskiDg candidate immunogens to CT^\ may similarly 

sham-unmunized mice did not develop detectable serum or elicit proloQged mucosal mtibod responses. 

salivary antibody responses, except two animals that showed 

trace levels of salivary IgA to Agl/II (0.15 and 0.12 % EXAMPLE 2 

antibodyAotal IgA). However, the response of the sham- 4S Stra in Construction 

immunized group (0.05 ±0.07% antibody/total IgA) was SBR-CT^ 1 was expressed in 5. typhunurium BRD509, 

significantly less (P<0.05) than the salivary responses in an aroA" aroD" oral vaccine strain after e led ro transform a - 

either of the immunized groups (0.82±056% anubody/total tioD plasmids pSBR-CT^ 1 and pGP-1-2 using a gene 

IgA (FIG. 2A) and 0.51±0.27% antibody/total IgA (FIG. (Biorad, Richmond, Calif.) set at 2.5 kV, 25 ^F, and 

2B)). The prolonged duration of antibody responses might 50 200 Ohms. The for mer plasmid expresses SBR-CT" 1 

be explained by persisting antigen providing continuous under the inducible control of the bacteriophage T7 

low-level stimulation of memory cells. The mechanism of promoter, while the latter provides a source of 17 RNA 

antigen persistence may involve follicular dendritic cells polymerase that is temperature-regulated. Specifically, the 

which bind antigen-antibody complexes via cell surface Fc ^ RNA polymerase is under the control of the 1 P L 

receptors and slowly release them over long periods. 55 promoter that is regulated by the cI857 temperature- 

Allematively, the existence of molecules cross-reacting with sensitive 1 repressor. Colonies transformed with both plas- 

Agl/II (or cross-rcactivc cntcrotoxins in the case of CT) mids were selected on L-agar plates (1% tryptone, 0.5% 

cannot be ruled out, although 5. mutans is not a natural yeast extract, 0.5% NaCl, 0.1% dextrose, 1.5% agar) supple - 

inhabitant of the murine oral cavity. mented with SOjUg/ml carbcnicillin plus 50/ig/ml kanamy- 

A recall response was not observed in serum after the oral 60 cm < U) for PSI^'CT^ 1 and pGPl-2, respectively), 

booster immunization (FIGS. I A and 1C), as the antibody Informants were examined for the presence of plasmids 

responses to Agl/II and CT before and immediately after the w ! lh SIZCS and 12 Abases, corresponding to the size 

rxK»slcr immuni/iilion were not significantly different. How- of ^ and pGPl-2, respectively, 

ever one mouse (#3 in FIG. 1C) that had the lowest antibody liXAMPLB 3 

levels to CT showed a remarkable 1 6- fold increase resulting 65 Target Protein Expression and Localization 

in a higher final response than was observed shortly after the Colonics positive for both pGPl -2 and pSBR-CI^ 1 were 

primary immunization. This mouse also showed an grown at 30° C in L-broth containing the appropriate 
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antibiotics and target gene expression was induced at mid- 
log phase by a temperature shift to 42° C. After 30 minutes 
the cultures were returned to 30° C. and incubation was 
continued for an additional 90 minutes. To determine 
expression of SBR-CT** 1 , whole -cell lysatcs were exam- 
ined by G M1 -ELISA for the presence of a G Ml ganglioside - 
binding soluble protein thai would react with polyclonal 
antibodies to CTB or Agl/II, or with a monoclonal antibody 
specific for the SBR of Agl/II. The insoluble pellet was then 
processed and possible inclusion bodies were isolated, solu- 
bilizcd by boiling in sodium dodccyl sulfate (SDS) buffer 
(the amount used was proportional to the final absorbancc at 
600 nm of the corresponding cultures), and samples (3 u\) 
analyzed by SDS-polyacrylamide gel electrophoresis (SDS- 
PAGE) on 12.5% gel. To determine whether SBR-CT" 1 is 
transported to the periplasm, periplasmic extracts were pre- 
pared by either the spheroplast formation method or by cold 
osmotic shock. The extracts obtained were essentially free of 
cytoplasmic contamination (-2%) as determined by assay- 
ing the activity of glucose -6-phosphate dehydrogenase, a 
cytoplasmic marker enzyme. The total protein content of the 
extracts was estimated by the bicinchoninic acid protein 
assay method (Pierce, Rockford, 111.) using bovine serum 
albumin as the standard. 

EXAMPLE 4 

Oral Immunization 

The bacteria were grown at 30° C. to an optical density at 
600 nm of 0.5-0.6, harvested by centrifugation, and resus- 
pended in a medium consisting of 4 parts Hank's balanced 
salt solution (Life Technologies Inc., Grand Island, N.Y.) 
and 1 part sodium bicarbonate (75% solution; Mediatech, 
Washington, D.C.). The number of bacteria in the suspen- 
sion was estimated by extrapolating from a growth curve 
and was confirmed by plating dilutions on L-agar plates 
(with or without the appropriate antibiotics) and enumerat- 
ing the colonies grown after overnight incubation at 30° C. 
The immunizing dose (10 9 colony-forming units in 0.25 ml) 
was administered to 10- week old BALB/c mice by intra- 
gastric intubation using a 22 -gauge feeding tube (Popper and 
Sons Inc., Hyde Park, N.Y.). The animals were immunized 
on days 0 aod 49 and sampled at weekly or bi-weekly 
intervals. Serum was obtained from tail vein blood samples 
and saliva was collected after stimulation of the salivary 
flow by intraperitoneal injection of 5 ug carbachol. Serum 
IgG and salivary IgA antibodies were determined by ELISA 
on microliter plates coated with Agl/II or G Ml ganglioside 
followed by CT, while total salivary IgA concentrations 
were assayed on plates coated with antibodies to mouse IgA. 
Peroxidase-conjugated antibodies to mouse IgG or IgA were 
used as detection reagents (Southern Biotechnology 
Associates, Birmingham, Ala.). The amount of antibody/ 
immunoglobulin in test samples was calculated by interpo- 
lation on standard curves generated using a mouse immu- 
noglobulin reference scrum and constructed by a computer 
program based on four parameter logistic algorithms 
(Soflmax, Molecular Devices, Mcnlo Park, Calif.). Results 
were evaluated by Student *s t test and differences were 
considered significant at the P<0.05 level. 

EXAMPLE 5 

Results 

Recombinant S. typhimurium BR 1)509 positive for both 
pGPl-2 and pSBR-CI** 1 was shown to produce a protein 
that bound the -ganglioside receptor and possessed CTB 
and Agl/ll epitopes, in contrast to the original BR 1)509 
strain or clones containing either pCJPI-2 or pSBR-CT** 1 
alone (TABLE I). Since the pSHR-CI** 1 encodes for the 



signal peptides of CTB and SBR-CTA2, it was of interest to 
determine whether the chimeric protein was transported into 
the periplasm where assembly of its components takes place. 

5 TABLE I 

G M1 Gangliosidc-b lading activity 
aod antigenicity of soluble protein 
extracts' from recombinant S. typhimurium BRD5Q9 clones 

10 ELISA valuc h of clone 

extract developed with 
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Anti-C1*B Aatt-Agl/II Anti-SBK 



None 0.017 0.003 0.001 

ptiPl-2 0.009 0.017 0.008 

pSBR-CT** 1 0.02 0.013 0.004 

pGP-1-2 + pSBRCT 4 * 1 2.052 1.005 1.01 

a o assayed at 20 total protein/ml; b «* mean optical density at 490 am 

To examine this, a calibrated -ELISA standardized 
with purified SBR-CT^* 1 was used to detect and quantify 
the chimeric protein in periplasmic and in whole-cell 
extracts under un induced and induced (temperature shift 
from 30° C. to 37° C. or 42° C. for 30 minute) conditions. 
As shown in TABLE II, SBR-CT** 1 was found in the 
periplasm of 5. typhimurium BRD509 (pGPl-2+pSBR- 
CT^ 1 ) and of E. coli BL21(DE3) (pSBR-CT 4 * 1 ) which 
contains a chromosomal copy of the 17 RNA polymerase 
gene under the control of the lacUVS promoter. The chi- 
meric protein was not detected in the periplasm or whole- 
cell Iysates of a negative control clone lacking pSBR-CT** 1 
(TABLE II). Although cellular location of the foreign anti- 
gen may affect the immune response, secretion of a protein 
into the periplasm may enhance its stability by preventing 
degradation. 

TABLE II 

Localization of SBR-CT** 1 Chimeric P rote in in I be Periplasmic Space 

Periplasmic fraction 
obtained by: 



Spheroplast Osmotic Whole Cell 



45 



50 



55 



60 



65 



Strain 


Induction 


formation 


Shock 


lysate 


£. coli BL21 (DE3) 


i my 


27l b 


319 


99.7 


(pSBR-CT** 1 * 










S. typ. BRD509 


42° C 


0 


0 


0 


(pGPl-2) 










S. typ. BRO509 


None 


77.3 


98.5 


20.2 


(pGPl-2 + 










PSBR-CT** 1 * 










S. typ. BRD509 


37° C. 


239 


314 


119 


(pGPl-2 + 










pSBR-CT^ 










S. typ. BRD509 


42° C. 


119 


123 


53.6 


(pGPl-2 + 










pSBR-CT^O 











a - isopropyl-^-D4hiogalactoside 

b - /ig SBR-Cr^/mg proteio in the extracts 

Under uninduced conditions, the chimeric protein was 
produced at about 20 ug per mg of total soluble protein 
(TABLE K) or 7-9 ug per 10 9 bacteria. This finding is likely 
due to residual expression of the T7 RNA polymerase. 
Indeed, the temperature-sensitive I repressor on pGPl-2 
docs not lightly repress the 1 P, promoter which conse- 
quently allows low-level production of the polymerase at 
30° C. The amount of soluble chimeric protein increased 
several- fold following induction a I 37° C, whereas at 42° C. 
the increase was minimal (TAB Hi II) with concomitant 
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accumulation of SBR-CI~' in inclusion bodies (FIG. 3). (Novagcn), according to the manufacturer's instructions CT 

.3^37*" C T Id S- ? hy ? 0 '°^ al ^ temperature and CTB were purchased from LisSog^Katori? 

optVn I P roduc,lon of soluble chimeric protein may be | nc . (CampbeU Calif.). Laooraioncs, 

Recombinant S. typhimurium expressing SBR-CT^ 1 was s EXAMPI F 7 

routinely grown under uninduccd conditions (30° C.) a. Animals and Immunization 

which it showed optimal growth. Although the SBR-CT" 1 - a.i..i. uai ui « 

expressing 5. typhimurium strain d<L not possess a {ro TJ n ^ r , ^ **** }1 '° 20 ^ °' d ' 

temperature-sensitive mutation, temperatures hicher than r P a ™B en - frec were "sed for all experiments. 

30° C. cause gradual induction of the highly-efficient T7 ™ UpS , °/ 9 nuce WCre ,ma,unia:d »<• 3 ,imcs at 10-day 

RNA polymerase which may interfere with gene transcrip- 10 T? b by |^ in * Uba,ion of eiU,er SBR-CTA2/B (100 

lion by the host RNA polymerase. Additionally overexpres- ' SBR " CTA2/B to 8 e,her with 5 ^ of CT as an 

sion of toe cloned chimeric protein at 37° C. could interfere ■„nT\° t ^^7^™ Uat ° f SBR (4 ° «>• *" «™ 

with bacterial growth. The strain was also found to be „ ., ., NaHC0 3 . Serum and saliva samples 

immunogenic since oral administration of 10° bacteria in 7°™ collected on day 0 and 10 days after each immunization 

mice resulted in serum IgG and salivary IgA antibody 15 t ° r K aSSay of ^bodies °y ELISA. In some experiments, 

responses to Salmonella and native Agl/II and CT (FIGS 4A f"^ 0 "? 5 . of 3 m»ce were lulled 10 days after each 

and 4B). An oral booster immunization 7 weeks later sis- unmun | za " on ; for the preparation of cells from PP, MLN, 

nificantly enhanced the scrum IgG response to Agl/II and CT , Sp proliferation and flow cytometric 

(P<0.05) but not to Salmonella, the response to which ana, y ses - 

reached high levels even before the secondary immunization 20 EXAMPLE 8 

(FIG. 4A). Salivary IgA antibodies to Salmonella and the ELISA 

t^^^^^^^ Ser U m, g Gandsa.ivary, g Aant, 1 K ) diestoA g ,/I,,and to tal 

approached thcSevel of k ££&SS,££& S^^SSTJ^ "ISfT^^ » 

but was not enhanced after the booster immuniition. This 25 59^l-40TO on «a,S' 'wi I LZf , ~ 

IgA) after a single oral lmmunizatron with SalmoneUa is rithms F<""'"cicr logistic aigo- 

similar to that observed after 3 doses of 100 pig purified 

SBR-CT^* 1 in the absence of intact CT adjuvant. The EXAMPLE 9 

immunizing dose (10 9 bacteria) was estimated to contain Preparation and Culture of Lymphoid Cells 

7-9 /ig of ch.meric protein but this probably does not reflect Single-cell suspensions were obtained by teasing PP 

the amount of SBR-CT" 1 delivered in vivo, which would MLN, and spleen apart with needles, and tissue debris was" 

largely depend on the extent of tissue colonization by removed by filtering through nylon mesh. Peripheral blood 

, l .• , mononuclear cells were obtained by centrifugation on His- 

In the present mvcnUoo, the SBR-CT" 1 chimeric protein topaque 1083 (Sigma Diagnostic, St. Louis, Mo.) Remain- 
was expressed in attenuated 5. typhimurium and oral immu- * ing erythrocytes were lysed in buffered ammonium chloride 

nidation with this recombinant strain resulted in serum IgG the cells were washed thrice in RPM1 1640 (Cellgro) 

and salivary IgA antibody responses against SalmoneUa and medium supplemented with 2% fetal calf serum (FCS) Ind 

the cloned antigens. Since the SBR segment of Agl/II plays were finally resuspended 10% FCS/RPMI 1640 Cells were 

an "nportant role in S. nutans colonization, salivary IgA cultured in 10% FCS/RPMI 1640 supplemented with I mM 

antibocues to SBR may confer protection against this oral sodium pyruvate (Cellgro), non-essential amino acids 

pathogen. (Cellgro), 2 mM glutamine (Cellgro). 100 U/ml penicillin- 

EXAMPLE 6 streptomycin (Cellgro), 25 mM HEPES (Sigma), and 0.01 

Antigens m M 2-mercaptoethanol (Sigma). 

Agl/II was purified chromatographically from the culture so pyampi 

supernatant of 5. mutans essentially as described by Russell, pi nw r v ,„ m „,„, tAAMrLb 10 

et al., 1980, 28:486-493. The SBR-CTA2/B chimeric pro- * X ™^™«y 

tein was constructed and expressed in E. coU and ZZl , , " • Tk" OD freshly isolatcd «"» wa * 

from extracts. In essence, this consisted of PCR-amp'S J y d °" b ' e - s ^& with biotinylated anti-CD4 
DNA for a 42-kDa segment encompassing the A-reoeat 55 Vrrr • . fo,lOT J sd by »vidin-phycoerylhrin, and either 

region and some downstream sequent of Ag./I. f)om' he L" CoZf I^K " ? T^l? V™™*?*" 

pac gene, ligating this in a modified P ET20b( + ) plasmid 7"/ p^l/k ,"i! ^ d'.^ 30 " 4 C m 

(Novagcn, Inc.. Madison Wis.) ,„ frame with and upstream It^T^ ^ T" °?} % NM * ™* *™ 

of the genes for CTA2 and CTB. and transforming 2 , ^ Paraldehyde overnight, and 

recombinant plasmid into E. coli BinlS cells 60 T 3 FACS ' ar ' V DoW Cy, ° mCtcr < Bec, °"- 

(Novagen). * ' Dickinson). 

SBR polypeptide was obtained by excising the relevant EXAMPI E 11 

DNA and rcligaling it into unmodified pET20b(+) in order Proliferation Assay 

LmT*?" 1 '- 3 6 ," rCSid r hiS,i , dinU SCqUUnCU dcrivcd Cclls (rom Pl ' MI - N - aod *Pl™ ^re incubated a. 10 s 

mctil <-h I i' . Slm , WJS r™ h " 1 lr(,m «" '>y concentration of Agl/II (0.5 ^g/ml) r„r 5 .lays, and were 

mcal-chelafon chromatography on a mckel-loaded column pulsed with ^ll-thymidinc (O S /(C i/well) « hours before 
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harvesting. Uptake of \\\] was counted by liquid scintilla- elevated by immunization with SBR-CTA2/B chimeric oro 

w 0 t, COUn mUlalI ° D f " W3S C3lCUlalCd 3S: ^ tCl " wh - Bivcn with CT « ^ *K^ r " 

(weiLs w.th Agl/ID/mean cpm (control wells). bccausc of variallon ^ aoiraals> .JSyS^ 

liXAMPLE 1 2 Was al,amcd on| y aftt * 2 doses given with CT. Nevertheless, 

Cytokine Expression 5 lhc £ cncraI pattern of rcsulLs was in accordance with expec- 

Thc expression of cytokines by PP, MLN, and spleen cells tat, ° nS baSCd on , ^P 00 *** t0 alone or chemically 

after culture in vitro with or without Agl/li (0. 1 //g/ml) for C(>n J u g aIc ^ tl > CTB, and administered i.g. without or with CT 
24 hours was determined by a reverse-transcription and a ^ uvant Tot al salivary IgA concentrations also increased in 
polymerase chain-reaction (RT-PCR) procedure for the 2 anunals durm S loe immunization period, from Z13±0.61 
amplification of cytokine mRN/V Cells (5-7x10°) were 10 ^ g/ml V un,mmunized animals to 5.92±0.64 ^g/ml after 3 
harvested from the cultures, washed thoroughly and then J mmuni2atl ons, but there were no significant differences 
lysed in 350 M \ of lysing buffer for isolation of RNA using fWCCn lhe iramUQizalioQ ^ups. 
the RNcasy kit (Qiagco Inc., Chatsworth Calif.). RNA was EXAMPLE L5 

redissotvcd in 40 /d of diethyl pyrocarbonate-treated water, T Cell Proliferative Responses 

/, r l Sam ?! CS W ^ te added 10 18 ^ of RT mixture Tosbow whcmcrT cells capable of prohfcraUng in vitro 
^ i!? ' y CaUl CODtainin g lx rcR b "flfer, in response to stimulation with Agl/II had been induced by 

5 mM MgCI 2 , 1 mM of each dcoxyribonucleoside the first, second, or third i.g. dose, groups of 3 mice were 
triphosphate, 1 U/ml RNase inhibitor, 2.5 U/ml Moloney killed 10 days after a first, second, or third immunization 
munne leukemia virus reverse transcriptase, and 25 mM with each immunogen preparation, and mononuclear cells 
Oligo d(T) t6 Mixtures were overlaid with 50 /d of light from PP, MLN, and spleens were cultured with or without 
mineral oil and incubated in a thermal cycler (Perkin -Elmer) Agl/IL Incorporation of 3 [H]-thymidine expressed as stimu- 

ooo^ 31 42 ° " o 5 miDUtCS al 37 ° C " 5 minutes at lati0D indices revealed that responsive cells were 

1 ni?! mmute at 4 C. After reverse transcription, 80 elicited in the lymphoid tissues associated with the intestine 
fA of PCR mixture (Perkin-Elmer) was added to each tube to „ incrementally with the number and form of the immunoeen 

give final concentrations of 25 U/ml AmpliTaq DNA doses (FIG. 6). PP and MLN cells taken from mice given 2 

polymerase, 0.15 M M 5* primer, 0.15 3' primer, 2 mM or 3 doses of SBR or of SBR-CTA2/B alone showed modest 

MgCLj, and lx PCR buffer II. Primers specific for murine proliferative responses to Agl/II in vitro (stimulation indices 

i ■ lc 9 ' IL_6 ' IL ~ 10 ' and P _actin werc m me ran 8 e 2.4-3.2; 5.44 for PP from mice given 3 doses of 

obtained from Clontech Laboratories Inc. (Palo Alto, Calif.) 3Q SBR-CTA2/B), whereas PP and MLN cells from mice 

or the Oligonucleotide Synthesis Core Facility of the UAB immunized with SBR-CTA2/B plus CI' adjuvant showed 

Comprehensive 0.;cer Center, and their specificity was proliferative responses after one dose (stimulation indices 

verified by D>am of RT-PCR on RNA extracted from 2 .3 and 3.6, respectively), and greater responses after 2 or 3 

mitogen-stimuk ed ^ouse spleen cells. After heating at 95° doses (stimulation indices 3.1-6.1). The proliferative 

p a* 2 m ™o € J? l * U WaS ^ Mcd for 35 cycks consisting 35 responses of PP and MLN cells were different: MLN cells 

ot: 45s at 94 C, 3 minutes at 72° C, and 2 minutes at 60° responded similarly to (or less than) PP cells when taken 

C. The products of amplification were analysed by 2% from mice immunized with SBR or SBR-C1A2/B but 

agarose gel electrophoresis, revealed by ethidium bromide showed greater responses to Agl/II in vitro when taken from 

staining, and photographed by UV transilluminauon. The mice given AgI/H-CTA2/B plus CT. Spleen cells generally 

results were scored according to the presence of a band of ^ did not respond to stimulation with Agl/II in vitro 

appropriate molecular size: no detectable band; ±, very (stimulation indices <2), except for those taken from mice 

taint or uncertain band; +, clearly detectable band; ++, very immunized once with SBR-CTA2/B plus CT (stimulation 

strong band. index-2.8). Cells from the PP, MLN, or spleens of unim- 

EXAMPLE H munized mice did not proliferate in response to Agl/II in 

. Statistical Methods 45 Vltro Ovulation indices 1.2-1.5). 

Quantitative results were evaluated by Student's t test, by EXAMPLE 16 

means of Multistat (Biosoft, Ferguson Mo.) on a Macintosh T Cel1 Surface Marker Analysis 

computer. Antibody data were transformed logarithmically To elucidate the nature of the T cell responses to i.g. 

to normalize their distribution and homogenize the van- immunization, cells freshly isolated from PP, MLN, spleen! 

anccs - 50 or peripheral blood of mice immunized once, twice,*or three 

FX AMPr r 1 a timCS With the differeQl itnmunogeos were analyzed by flow 

Antibody ResDonses cytometry for the proportion of cells expressing T cell 

/uuirxKiy Responses markers CD3 (all T cells), CD4 (T helper ohcnotvne^ or 

SBR g c™ '27£ Wlth n BR ' f HR ; CTA2/B > " ™* (T supprLsor/cytotoxic phi^ff S'are 

SBR-C IA2/I plus CT incrementally induced .scrum IgG 55 shown in FIG. 7. Among PP cells, theTwas an increase in 

mCS TaI T^T™ mCaSUrcd ^ ainst wMe ^e proportion of total TceUs after each iZZZZTtZ 

(MGS. 5Aand 5B). Immunization with SBR alone resulted was most noticeable in animals immunized with SBR 

in weak but statistically s.gmficant (P<0.(K)1 at all intervals) CTA2/B or SBR-CTA2/B plus CT TOsTnciease was mostW 

-rum fiC . antibody responses, and modest salivary IgA in the CD4+ T helper ^^^^Tl^^T 

(P<0 (H)l aid M) 0 r * T , a ? d A ^ rd - Immun "f"> n populations remained more stable, except in the case of 

imTvA^i h ^ ? V AdmimstratIon of lht «"-s from mice immunized with SBR-CTA2/B plus CT in 

SRR-UA2/H ch.mcnc protem generated s.gmlicanllv which the CIM* population increased with the numbe of 

co C a m "r r , Um 6 ( ' rcs n ttn * cs (^"-OOI). and immunizations. MLN generally, however, con ainTmore 1 

b u h ,T l " . k *?■ 3n . Ji ; Vam 1UfthCr CnhanCCd 65 CC1|S ° f b ° lh P«"cnt«ypcs than I 1 P, regardless of imrZ za 

Ik. h the level and lhe earlier development of serum IgG (ion status. Peripheral blood cells tended to show th™ lust 

anl.lxHl.es. Sahvary IgA antibodies also tended to be increases in he proportion of CD4* TZ ilTX 
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immunization, especially with SBR-CTA2/B plus CT, 
although these numbers must be interpreted with caution 
because of the small numbers of cells obtained. Spleen cells 
showed modest increases in the proportions of CD4* T cells 
after immunization in all groups. 
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alone revealed type I (IFN- Y and IL-2) as well as type 2 
(H.-4) cytokine responses upon stimulation in vitro, whereas 
cells from the same organs of mice immunized with SBR- 
CTA2/B chimeric protein revealed \LA but little or no type 
1 cytokine response. 



TABLE HI 



Cytokine expression in PP, MLN and spleen cell cultures of mice immunized 
with SBR. SBR- CTA2/B or SBR-CTA2/B + CT 



IFN-y 



tL-2 



TL-4 



IL-5 



Immunization" Culture 1 * P M S P 



MS P M S P M s 



SBR Control 
<-Agt/It 

SBR-CTA2/B Control 
*-AgI/II 

SBR-CTA2/B +• Control 



* - * 



* + r 

* ++ + 



^ U W ^ » d collected 3 ^ a«c, U* laa 

wilT" ^slT* " ^ 24 boure <™««°l> >od with AgWI (0.1 ug/ml) 

c^okine mRNA rapresaon delected by RT-PCR and scored .ccorikgto ,he prince of 
e h,d. U jn hrojn.de.M.ined band of appropriate molecular size; P 01 

-» no detectable band 
*; very faint/uncertain band; 
+, clear band; and 
++, very strong band. 
P - PP cell cultures, 
M - MLN cell cultures; 
S - spleen cell cultures. ■ 



EXAMPLE 17 

Cytokine Expression 

To elucidate the pattern of expression of cytokines, PP 
MLN, and spleen cells were taken from mice immunized 
three times with SBR, SBR-CTA2/B, or SBR-CTA2/B plus 
CT 3 days after the last dose, cultured in vitro for 24 hours 
with or without Ag!/II, and examined for the presence of 
mRNA for IFN-y, IL-2, IL-4, IL-5, IL-6, and IL-10 by 
RT-PCR. After culture with Agl/II, PP, MLN, and spleen 
cells from mice immunized with SBR alone revealed mRNA 
for IFN-y and IL-2, but only PP and spleen cells also 
revealed IL-4 mRNA, whereas IL-5 mRNA was detectable 
in all cell cultures regardless of stimulation (TABLE HI). PP 
cells from mice immunized with SBR-CTA2/B, without or 
with CT adjuvant, did not reveal mRNA for IFN.y or IL-2 
even after culture with Agl/II, and MLN cells from these' 
animals revealed variable IFN-y and IL-2 mRNA responses 
However, PP, MLN, and spleen cells revealed IL-4 mRNA 
particularly after stimulation with Agl/II, whereas all cul- 
tures were positive for IL-5 mRNA. Likewise, mRNA for 
IL-6 and IL-10 was found in all cell cultures, regardless of 
immunization or in vitro stimulation. There was an increase 
in IFN-y and IL-2 expression (in response to stimulation 
with Agl/II in vitro) in PP, MLN, and spleen cells from mice 
immunized 3 times with SBR alone relative to cells from 
mice immunized twice. Likewise, spleen cells from mice 
immunized 3 limes with SBR-CTA2/B (without or with CT) 
showed increased Ag[/N -specific expression of IFN-y, IL-2, 
and IL^ relative to twice-immunized mice. Cells from 
ummmunized mice did not respond in culture with Agl/II by 
the expression of U-N-y, IL-2, and IL-4 mRNA above that 
revealed m control cultures, except that spleen cells showed 
weak evidence or II-N-(expression on culture with Agl/II. 
Hius, PPand MLN cells from mice immunized with SBR 



Lymphocytes taken from the PP and MLN of mice 
immunized Lg. with SBR, or SBR-CTA2/B without or with 
CT as adjuvant were capable of proliferating in vitro when 
35 stimulated with Agl/II, showing a similar overall pattern of 
1 cell responses to the different regimens and stages of 
immunization as the serum and salivary antibody responses 
Immunization with SBR alone induced the lowest prolifera- 
tive responses in PP and MLN cells, and this was reflected 
m also in little change in the proportions of CD4* and CD8* T 
cells in these organs. Moreover, the pattern of cytokine 
expression in the cells from PP and MLN of these mice 
suggested a mixed type 1 and type 2 helper activity, possibly 
^ VC co^ ~ y ™ Cou P lin g SBR to CTB in the form of 
the SBR-CTA2/B chimeric protein enhanced its immuno- 
gemcity with respect to T cell responses in PP and MLN and 
the addition of CT as an adjuvant further elevated these 
responses. Furthermore, the cytokine expression pattern in 
PP and MLN cells from mice immunized with SBR-CTA2/B 
(with or without CT) indicated that T cell help was skewed 
50 towards Th2 activity. However, the finding of IL-5, IL-6 and 
IL-10 mRNA in cell cultures regardless of antigen stimula- 
tion in vitro is not readily explained in these terms, but may 
indicate constitutive expression of these cytokines or their 
continued expression ex vivo after immunization It is also 
possible that II-6 and IL-10 mRNA were derived from 
macrophages present in the cell cultures, although these 
would be largely adhi t m unlikely to be harvested alone 
with the lymphocytes 

The proportions of CO r T cells in PP increased after 
60 each additional dose of these immunogen preparations, but 
a corresponding increase was seen in MLN ccILs only from 
mice immunized with SBR-CTA2/B chimeric protein and 
CI adjuvant. The finding that these T cell responses 
occurred in PP and MLN as early as after the first 
65 immunization, at least with SBR-CTA2/B, showed that 
anligen-scns.tizcd T cells were elicited before IgA antibody 
responses became elevated in the effector situs of mucosal 
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immunity such as salivary glands. The responses m MLN 
and PP were different, as significant proliferative responses 
and increased proportions of CD4* cells during the course of 
immunization were developed in MLN cells only when CT 
was used as an adjuvant, and moreover MLN from all mice 
contained higher proportions of T cells of both phenotypes 
than corresponding PP. The proportion of C08 + cells wis 
higher in MLN than in PP, but as it was not reduced by the 
administration of CT as an adjuvant, it appears that the 
enhanced Agl/I I -specific proliferation in MLN cells from 
mice given CT is not due to inhibition of CD8* suppressor 
cells by CT. The spleen, a non-mucosal lymphoid organ 
dusplayed little or no response in terms of antigen^pecific 
proliferating T cells, despite the considerable elevation of 
serum IgG antibodies especially when SBR-CTA2/B was 
given together with CT adjuvant. This is consistent with the 
relatively modest numbers of specific antibody-secreting 
cells found in the spleen after i.g. immunization with Ac I/I I 
chemically conjugated to CTB and given with CT Through- 
out these experiments, although the mice were immunized 
with SBR or SBR-CTA2/B chimeric protein representing 
residues 186 to 577 of Agi/II, both antibody and T cell 
responses could be detected with intact Agi/II. This implies 
that SBR retains conformational structure similar to that of 
the corresponding part of the whole Agi/II molecule, and 
tnatboth are processed similarly by antigen-presenting cells 
These responses are in accordance with the concept of the 
common mucosal immune system, and the dissemination of 
antigen-sensitized T and B cells from the inductive sites 
such as PP, through the MLN that drain the lymph flow from 
the small intestine, and thence into the circulation prior to 
relocating in the effector sites of mucosal immunity ir- 'u ' 
mg the salivary glands. Thus, i.g. immunization with SHU 
especially when coupled to CTB in the form of a chit en r 
protein, leads to the appearance of antigen-responsive f 
cells in both PP and MLN. Because few cells were recov- 
erable from blood, it was not practically possible to trace the 
appearance of such cells in the circulation, although this has 
been well documented in humans. The transient circulation 
of specific antibody-secreting cells, predominantly of the 
IgA isotype, approximately one week after mucosal immu- 
nization has been demonstrated in human and animal sys- 
tems. Curiously, perhaps, it appears that the peak of circu- 
lating antigen-specific T cells occurs after the peak of 
circulating antibody-secreting cells, and an increased pro- 
portion of CD4* T helper cells was found in the peripheral 
blood of mice 10 days after the second or third dose of 
SBR-CTA2/B, especially if CT was also given as an adju- 
vant. Cytokine-secreting T cells occur in effector sites of 
mucosal immunity, such as the salivary glands. 

CT has been shown to enhance T helper responses in 
intestinal tissues, and particularly the Th2 subset that is held 
to promote high levels of serum IgG and mucosal IgA 
antibody responses. Type 2 cytokine production by antigen- 
specific r cells in nasal-associated lymphoid tissue and the 
draining cervical lymph nodes of mice immunized 
mtranasally. as well as in PPand MLN of mice immunized 
j.g., wuh Agi/II conjugated to Cm were also found. CT Ls 
known to deplete selectively CDS* intraepithelial lympho- 
cytes and while the functions and migratory potential of 
these cells are incompletely understood, any such effect 
within inductive sites such as the PP would also serve to 
elevate the proportion of CIM* T cells. However, although 
the proportion of CDS* cells declined slightly in some 
tissues, this appeared to occur concomitantly with an 
increase in the number of C03* cells, in particular the CW 
subset. Whether CTB itself can serve as an adjuvant in the 
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absence of intact CT has been controversial. Synergism 
between CTB and CT has been demonstrated and most 
commercially available, non-rccombinant preparations of 
CTB contain small amounts of intact CT that may be 

S ^V,°/n Sh °, W this effccL ™ C & ei **caUy constructed 
^KK-ciA2/B chimeric protein, in which the toxic CTA1 
subunit has been deleted, is clearly able to induce mucosal 
and circulating antibodies without the necessity for addi- 
tional CT. The adjuvant activity of CT may be closely linked 
to its toxicity which is a function the ADP-ribosyltransferase 
activity of the Al subunit. Adjuvanticity of the related 
Escherichia coli heat-labile enterotoxin can be dissociated 
from toxicity. Fusion proteins of CTB directly coupled to 
other antigenic peptides have been constructed, but the 
conformation of CTB and its ability to form G„ r birjding 
pentamers tend to be disrupted by peptides longer than 
approximately 12 amino acid residues and moreover, their 
mucosal immunogenicity seems to be limited in the absence 
of additional CT. These limitations do not apply to SBR- 
20 CTA2/B chimeric protein, in which a large 42 kDa segment 
of protein is fused to the CTA2 subunit which couples it 
noncovalently to the CTB penUmer to preserve its 
ganghoside-binding activity. The enhanced enteric immu- 
nogenicity of SBR-CTA2/B chimeric protein, even in the 
25 absence of CT, is advantageous for an oral vaccine, as 
recombinant CTB has been shown to be a safe and effective 
immunogen in humans. 

Lg. immunization with SBR, especially when genetically 
coupled to CTB to enhance both mucosal and circulating 
antibody responses, induces T cell responses in the gut- 
associatcd lymphoid tissues such as PP and MLN 
Furthermore, these T cell responses occur after one or two 
doses of immunogen, earlier than the antibody responses 
and include increased proportions of CD4 + T helper cells' 
The responses are enhanced by, but are not dependent upon 
the addition of CT as an adjuvant. * 

EXAMPLE 18 
Expression of SBR in S. typhimurium 

The pac gene segment encoding the SBR region (1.2 
kilobases [kb]) was removed from pSBR-CT** 1 by restric- 
tion digestion with the Ncol and Xhol endonucleases, and 
purified after agarose gel electrophoresis of the digest and 
extraction using the QIAEX gel extraction kit (Qiagen 
Chatsworth, Calif.). IT* pE'170b{ + ) expression vector (3 7 
kb; Novagen, Madison, Wis.) was similarly digested by 
Ncol and Xhol, dephosphorylated by calf intestinal alkaline 
phosphatase and purified by gel extraction. The pac segment 
was then ligated into pET20b( + ) in frame with the 3' end of 
the pelB leader sequence (required for the transport of 
cloned polypeptides into the periplasm) and the resulting 
ligation product, designated pSBR, was introduced into S 
typhimurium BRD509 (pGPl-2) (6) by means of clectropol 
ration using a gene pulser (Biorad, Richmond, Calif.) set at 
2.5 kV, 25 /<F, and 200 Ohms. Transformed colonies were 
selected on L-agar plates (1% tryptone, 0.5% yeast extract, 
1 k NaCI, 0.1% dextrose, t.5% agar) supplemented with 50 
jug/ml carbemcillin and 50 /ig/ral kanamycin (to select for 
pSBR and pGPl-2, respectively). Transformants were 
examined for the presence of two plasmids with sizes of 4.9 
and 7.2 kb, corresponding to the size of pSBR and pGPl-2 
respectively. Both plasmids were required for the expression 
of SBR since Us transcription in pSBR Ls under the control 
of the bacteriophage 17 promoter and pGPl-2 provides a 
source of 17 RNA polymerase. Expression of the SBR 
polypeptide in transformants containing both plasmids was 
induced al mid-log phase by a shift from 30° C.-37° C and 
production of SBR was confirmed by western immunoblot- 
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g i i /. i r g antlbodl ? S lo (hc natlvc intubation using a 22-gaugc feeding tube (Popper and Sons 

molecule (MG. 8H). Target gene induction in this system is Inc., Hyde Park N Y) mice ImTim^l hi . ^ 

temperature-regulated because the 17 RNA polvmcrasc is ,; m c n - J r"I!i T immumzxd 1 to 3 

under the control of the 1 P, promoter Zr^Z^y ^ S ^ A 

the CI857 temperature-sensitive 1 repressor (FIG 8A) 5 ■ ° FU WaS 15 Wecks latcr For i n - 

V ; 5 immunizations, groups of 6 mice were inoculated 3 times (in 

EXAMPLE 19 a period of 6 days) with 10* CFU in a volume of -20 u\ 

bsumauon of Recombinant Protein Production which was slowly applied in the external nares by means of 

a I °^ d k Cle c rminc ; ^ anio / UDt of thc Sm Polypeptide pro- a micropipettor. Asingle booster i.n. immunization with 10 9 

duccd by 5. typhununum (pGPl-2 + pSBR-CI— ) (6) and S. m CFU was performed 15 weeks later In another exDerLnt 

wich ELISA standardized with purified rSBR was per- (10'° CFU for i e or in 9 ChUfJ; „ Vr ™ m « mza "<>n 

formed using cell lysalcs obtained by sonication This ouan 1 8 - . u ! f ° lloWcd by 

titative ELISA w J repeated four t to"S^«2SdSi A 7™ UoD W,tb mC dosc 15 w <*** ^ter. 

cultures which were grown at 30' C. ^SeS! fm^ w ,^ "T.T^ CODtr ° I ^ ° f 

processed for thc immunizations (sec -to^SSS 15 evel^^^ 

below). The construction of standard curves and the inter- 8 ^ ° f th<5 

notation of the unknowns was performed by means of a pyamdf c 

computer program based on four-parameter logistic algo- tAAMPLb 21 

rithms (Softmax/Molecular Devices, Menlo Park, Calif.). Sampling and Quantification of Antibody Responses 

For the ELISA, rabbit anti-mouse IgG followed by a mouse 20 Serum was obtained by centrifugation of blood samples 

monoclonal IgG antibody to SBR served as the coating collected from the lateral tail vein with heparinized capillary 

reagents while peroxidase-conjugated rabbit polyclonal anti- pipettes. Preimmune samples were obtained 1 day before the 

bodies to native Agl/II was used for detection of bound immunizations and subsequent to immunizations collections 

protein. SBR used as standard was purified from cell lysates were made 3, 5, and 7 weeks later, one day before the 
by metal-cbelation chromatography on a nickel-charged 25 booster immunization (week 15), and at biweekly intervals 

column (Novagen), according to the manufacturer's instruc- thereafter (weeks 17 and 19). Saliva samples were collected 

tions. The affinity of SBR for nickel arises from a 6-residue at tnc same times as serum by means of a pipettor fitted with 

histidine sequence (at its C-terminal end) which was derived a tip after stimulation of salivary flow by i.p. injection 

from the pET-20b(+) expression vector. Recovery of SBR of 5 Mg carbachol (Sigma Chemical Company, Sl Louis 
from the column was achieved by elution with imidazole. 30 Mo -)* Fecal extracts were prepared by vortexing 3 fecal 

The purity of the SBR preparation was verified by SDS- pellets from each mouse in 600 pi extraction buffer (PBS 

PAGE and its protein content was estimated by the bicin- containing 0.02 % azide, 1% BSA, 1 mM PMSF, and 5 mM 

choninic acid protein determination assay (Pierce, Rockford, EDTA). The extracts were subsequently centrifuged and the 

111.) using BSA. supematants obtained were assayed for total IgA levels (see 
A similar approach was used to quantify the SBR-CT** 1 35 below) and were adjusted to contain 100 pg of total IgA per 

chimeric protein with the exception that the plates were ml ("standardized" fecal extracts) by adding an appropriate 

coated with G^ ganglioside (Calbiochem, La Joila, Calif ) volume of extraction buffer. 

2? R^SVh^r* * aadaid ™ d ^ SBR-CT" 1 puri- The levels of isotype-specifie anUbodies from serum 

fled. Briefly, the chimeric protein was isolated from whole- saliva, or fecal extracts, and total salivary or intestinal 

ot 12^^ ^redetemnnedbyEL^ 

T\ it h ? C (Pbarmacia-LKB, Piscataway, native Agl/II (chromatographicaUy purified from S. mutans 

NJ.) followed by amon-exchange chromatography on a culture supematants), G Ml followed by CT (List Biological 

Laboratories, Campell, Calif.), formalin-killed 5stf£ 

/fobbKorM3R-CT~ per total soluble protem m the lysates. 45 typhimurium BRU509, or goat anti-mouse IgA. The plates 

EXAMPLE 20 were devclo Ped with the appropriate peroxidase-conjugated 

Immunizations g° at anti-mouse Ig isotype (IgG for serum samples and IgA 

Overnight cultures of recombinant S. typhimurium f ° r secrelion samples) and o-phenylenediamine substrate 

BRD509 expressing SBR-CT** 1 or SBR were diluted 1 100 WUh Hz ° 2 ,gG 1 or IgG2a ^body responses were assayed 

in L-broth containing 50//g/mI of kanaraycin and 50/*g/ml so P^xidase-conjugated IgG subclass-specific antibod- 

of carbenicillin and grown at 30° C. with shaking and lCS ' m aollb °dies used for ELISA were purchased from 

aeration until A*^ reached 0.5-0.55. The bacteria were ^ utbcm Biotechnology Associates, Inc., Birmingham, Ala. 

recovered by centrifugation and resuspended in a medium concentration of antibodies/total Ig in test samples was 

consisting of 4 parts Hank's balanced salt solution (Life ^j^ted by interpolation on standard curves generated 

Technologies Inc., Grand Island, N.Y.) and 1 part sodium 55 USmg a m0USC lg refereDce serum (ICN Biomedicals, Costa 

bicarbonate (7.5% solution; Mediatcch, Washington, D.C.). McSa * CaIlt ) aD<J constructed by a program based on four 

The number of bacteria in the suspension was estimated by P^mcler logistic algorithms (Softmax/Molecular Devices), 
extrapolating from a growth curve and was confirmed by 

plating dilutions of the bacterial inoculum on L-agar plates EXAMPLE 22 

(with or without the appropriate antibiotics) and cnumerat- 60 Statistical Analysis 

ing the colonics grown after overnight incubation at 30° C. Results were evaluated by Student's t test by meansof the 

co ^ were ?Jd 7° T*? ^ ^ Multistat program (Biosoft! Cambridge, UK)27M ct 

l r ° ra Lm ? mUn,/al,0n sludi ^ ^ ^»nnputcr. OiiTcrenccs were amtidered significant at 

pcrlormcd accord.ng to Nil gu.delines and protocols the P<0.05 level, antibody data were logarithmic" wTans 

approved by the UAH lnst.tul.onaI Animal Care and Use 65 formed to normalize the ir distribution S^^ZSZ 

C omm.uee. An oral dose conla.mng Uf CM in 0.25 ml was variances. H,e data were finally i* n rt^7 ™on 

admrnLSicnxl lo groups ot 5-6 mice by intragastric (i.g.) senteel as geometric means */, SI) UranSjWn,td and ^~ 
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EXAMPLE 23 Analysis of scrum samples obtained from i.n. immunized 
Recombinant Protein Production by the Salmonella Clones mice for anti-Agl/II responses, confirmed the trend of higher 
Using a "sandwich" ELIS A calibrated with purified rSBR, responses in mice immunized with 5. typhimurium express- 
it was determined that 5. typhimurium (pGPl-2+pSBR- ing SBR than SBR-CT** 1 seen in i.g. immunized animals 
CT^andS. typhimurium (pGPl-2+pSBR) produced simi- 5 (FIG. UA). In this case the differences in anti-Agl/II 
lar amounts of the SBR polypeptide (Table IV). Slightly responses between the clones were statistically significant 
higher levels of SBR were detected in the lysales from the except for the responses on week 17 (FIG. 11 A). This trend 
pSBR-containing clone than in the extracts from the clone did not seem to correlate with the anti-Salmonella responses 
expressing the SBR-CT" 1 chimeric molecule, but the dif- induced by i.g or i.n. immunization. In fact, the anti-vector 
ference was not statistically significant. This might have to responses appeared to be higher for the SBR-CT 0 * 1 - 
rcsuitcd from the presence of CTA2/B which could stcrically producing clone; FIGS. 10A and 11B. The kinetics as well 
interfere with the recognition of the SBR component of the as the magnitude of the serum IgG responses to Salmonella 
chimeric protein by the antibodies used in the "sandwich" and the cloned Ags after i.n. immunization (FIGS. UA and 
ELISA As expected, G^-EUSA calibrated with purified 11B) were comparable to those after i.g. immunization 
SBR-CT^ 1 detected a G M1 -binding protein possessing SBR is (FIGS. 9A, 9B, 9C and 10A) despite that the number of 
epitopes only in lysates from the pSBR-CT" 1 -containing Salmonellac given by the i.n. route was lower by one order 
clone (TABLE IV). The expression level of SBR-CT 4 * 1 in of magnitude. 

the lysates was approximately 2-3% of the total soluble In the above experiments, pre immune serum samples 

protein (TABLE IV)- These results validate the appropriate- (from 10- to 12-week old mice) did not contain detectable 

ness of comparing the capacity of these two clones to induce 20 antibodies to Agl/II, CT, or Salmonella (corresponding data 

antibody responses to the SBR of Agl/II. points at week 0 in FIGS. 9A, 9B, 9C, 10A, and 11A and 

TABLE IV 



Production of recombinant protein by S. typhimurium (bGPl-2 + pSBR and 
5. typhimurium (pGPl-2 + pSBR-O^^clones 

Elisa Method Protein Amount* 



Assay: 


Coating 


Develop. 


Exp. 


pSBR 


pSBR-CT** 1 


SBR 


SBR-MAb 


Agl/B-PAb 


No. 1 


1.68 


1.18 








No. 2 


1.33 


1.23 








No. 3 


1.51 


1.07 








No. 4 


1.13 


1.14 








Mean * SD 


1J9 * 0.21 


1.16 * 0.07 


SBR-CT** 1 


Gml 


Agl/U-PAb 


No. 1 


0** 


2.03 








No. 2 


0 


3.05 








No. 3 


0 


3.49 








No. 4 


0 


2.13 








Mean ± SD 


0 


2.68 ±0.71 



'amount of recombinant protein in cell lysate of clones containing either pSBR or pSBR- 
CT** 1 ; 

• - % SBR polypcptide/lotal soluble protein in cell lysates; 

• • - % SBR-CT*** chimeric protein/total soluble protein in cell lysates. 



EXAMPLE 24 
Scrum IgG Antibody Responses 

Oral immunization of mice with the S. typhimurium 
clones expressing SBR or SBR-CT 4 * 1 resulted in dose- 
dependent primary serum IgG responses to Agl/II which 
were significantly enhanced after a single booster dose (FIG. 
9A). Although the responses to Agl/II induced by i.g. 
administration of either S. typhimurium clone (i.e., express- 
ing SBR alone or linked to CTA2/B) were not statistically 
different, a trend was observed towards higher serum IgG 
responses after two or three primary immunizations with S. 
typhimurium expressing SBR alone than with the clone 
expressing the SBR-CT^ 1 chimeric protein (FIGS. 9B and 
9C). 

The response to the Salmonella vector was essentially 
similar with increasing number of doses (one to three) given 
during primary immunization (data shown for the groups 
which received two primary doses; FIG. 10A). As expected, 
serum IgG antibodies to CI* were induced after immuniza- 
tion with the clone expressing the chimeric SBR-CT** 1 
molecule but not with the clone expressing SBR alone (FIG. 
10A). As with anti-Agl/II responses, the serum IgG response 
to CT was also significantly elevated following the booster 
immunization (F'IG. 10A). 



11B, represent the detection limit of the ELISA). 

45 Furthermore, 27 week-old un immunized controls did not 
show substantial antibody levels to Agl/II or CT (^1.2 
//g/ml) but they did develop a relatively weak response 
(compared to immunized animals) against Salmonella 
(I7.8x/*L6 ^g/ml, n=5), probably because of cross- 

50 reactions with related gram-negative bacteria of their normal 
Uora. 

In these studies antibody responses to the SBR of Agl/II 
were detected using native Agl/ll as the coating agent in the 
ELISA, as recombinant vaccines should be able to induce 

55 responses against the antigen expressed by the pathogen. On 
a limited number of samples, the influence of coating with 
purified rSBR on the magnitude of the detected responses 
was also determined. ELISA with serum samples tested on 
plates coated with either rSBR or Agl/II showed that the 

^ antibody response to rSBR was about 2 times higher than to 

6 Agl/II (2.l5x/+t.49, n=l3), implying substantial antigenic 
and possibly structural similarities between rSBR and the 
corresponding region (residues 186 to 577) of the whole 
Agl/II. Moreover, the antibody response against the CTA2/B 
component of the chimeric protein was about 3 limes higher 

t>5 (3.34X/+1.10, n=6) when detected with native CT bound to 
(» M , ganglioside-precoated plates than when CI* was 
directly coated on microliter plates. 
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EXAMPLE 25 
IgG2a/IgGt Profile for Vector and Carried Antigens 

To determine the subclass distribution of serum IgG 
antibody responses, samples from mice oraily immunized 
with SBR-CT** Expressing S. typhimurium were analyzed 
for levels of IgG2a and IgGl antibody responses which arc 
indicative of a Th lype-1 orTh typc-2 response, respectively 
Serum IgG antibodies to whole Salmonella belonged pre- 
dominantly to the IgG2a subclass (IgG2a/IgGl>10) but a 
mixed IgG2a and IgGl response pattern (IgG2a/IgGl-l) 
was observed for the cloned Ags, SBR and CTA2/B (TABLE 
V). Analysis of samples from a study in which mice were 
orally immunized with purified SBR-CT*\ revealed pre- 
dominant IgGl responses to SBR and CTA2/B, indicating 
that immunization with the 5. typhimurium vector shifted the 
responses towards the IgG2a subclass (TABLE V). In the 
case of the anti-SBR responses the shift was statistically 
significant. In terms of the lgG2a/IgGl ratio, the response to 
SBR was not influenced by the route of immunization (i.g. 
or i.n.) or the presence or absence of CTA2/B (clones 
expressing SBR-CT/( A1 or SBR alone). 
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15 



20 



TABLE V 


Profile of lgG2a/IgGl antibody responses in scrum after oral 
immunization with SBR-CT 4 * 1 expressed in S. typhimurium or 
administered as purified immunniwn 


Immunization 
with 


antibody 
response to: 


lgG2a/IgGl* 


No. of mice 
[gG2a/IgO>l 


S. typhimurium 
vector (n - 16) 

Purified SBR-CT** 
(n - 6) 


SBR 
BTA2/B 
Salmonella 
1 SBR 
CTA2/b 


1.02 t 2.26** 

I. 21 tZ6 

II. 2 * 2.21 
0J * 1.94 

0.48 £ 1.73 


8/16 
10/16 
16/16 

0/6 

1/6 
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- ration obtained following qualification of subclass-spedfic antibody levels 
" - values are the geometric mean x/(SD of the [gG2a/IgGl ratios of 35 
individual mice. 

EXAMPLE 26 
Salivary IgA Antibody Responses 

Oral immunization of mice with recombinant Salmonella 40 
vector, one to three times, resulted in the induction of 
increasingly higher salivary IgA antibody responses to Agl/ 
II (FIGS. 12A, L2B, and 12Q. A single oral booster immu- 
nization resulted in augmented antibody levels in the groups 
immunized one or two times during priming, whereas the 45 
secondary response in the groups immunized three times for 
priming was slighdy lower than the peak primary response 
at the time measured (FIG. 12Q. All groups of mice 
displayed significantly higher antibody levels four weeks 
after the secondary immunization than immediately before 50 
the booster immunization. Interestingly, although the anti- 
Agl/II responses induced by the SBR- and the SBR-CT** 1 - 
expressing clones were generally not significantly different 
(except for the responses of the groups immunized three 
times for primary immunization where differences reached 55 
statistical significance after the boosting (FIG. 12C)), they 
showed the opposite trend than that observed in the serum 
IgG responses, i.e., the presence of CTA2/B appeared to 
enhance the salivary IgA response to Agl/II. In contrast, the 
salivary IgA anti-vector responses induced by the two Sal- 60 
monelia clones were very similar (data shown for the groups 
which were given two primary doses; FIG. I0B). IgA 
antibodies to (T in saliva were dctecied after immunization 
with the SBR-CT^' -expressing clone only, and were sig- 
nihcantly elevated by secondary immunization (FIG. 10B). 65 
Hie salivary IgA responses to Salmonella and the cloned 
Ags after i.n. administration of the recombinant S. ivphimu- 



rw/m (FIGS. 13A, 13B and 13C) displayed similar charac- 
teristics as alter i.g. immunization and were comparable in 
magnitude despite the use of lower doses. The secondary 
response to CT and Agl/II reached significantly higher levels 
than the primary response, two and four weeks following the 
booster immunization, respectively. When saliva samples 
were normalized for total IgA content, samples from 
27-weckold un immunized mice showed similar levels of 
"background" antibody activity to the test Ags as the pre- 
immune samples of immunized animals reported in FIGS 
10B, 12A, 12B, 12C, 13A, 13B, and 13C. 

The finding that anti-Agl/II responses tended to be higher 
in saliva but lower in serum when mice were immunized 
with the SBR-CT" '-expressing clone than with the clone 
producing SBR alone, was further supported by data from 
additional groups of mice. These mice were given a single 
immunization of 10 10 CFU by the i.g. or 10 9 CFU by the i.n. 
route, boosted with the same dose 15 weeks later, and 
displayed the above mentioned trend regardless of the route 
of administration (FIGS. 14A and 14B). In the same 
experiment, the mice immunized with a single i.g. dose of 
10 10 CFU showed higher anti-Agl/II responses in serum and 
saliva than mice which received a single i.g. dose of 10 9 
CFU (FIGS. 9A and 12A), but equal or slightly lower 
responses than mice given 3 i.g. doses of 10 9 CFU (FIGS 
9C and 12C). 

EXAMPLE 27 
Intestinal IgA Responses 

IgA anti-Agl/H responses were also detected in fecal 
extracts from i.g. immunized mice (FIGS. 15A, 15B, and 
15Q. The kinetics of the responses induced by the two 
recombinant 5. typhimurium clones also showed some trend 
for higher anti-Agl/II responses when the SBR antigen was 
co-expressed with CTA2/B (FIGS. 15A, 15B, and 15C). 
Fhis trend was less pronounced than seen in saliva (FIGS. 
12A, 12B, and 12C), and it did not show statistical signifi- 
cance except for two time points, i.e., FIG. 15A, at week 15 
with groups given 1 primary dose, and, FIG. 15B, at week 
19 with groups given 2 primary doses. At the same time, the 
anti-Salmonella response appeared to be higher in the case 
of the clone producing SBR alone (FIG. 10C), suggesting 
that the relatively high anti-Agl/II responses in the case of 
the SBR-CT^ 1 clone may be related to the co-expression of 
SBR and CTA2/B. Intestinal IgA responses to Salmonella 
and the cloned Ags were also induced after immunization by 
the i.n. route (FIGS. 16A and 16B). As in the case of saliva, 
fecal samples from 27 week-old unimmunized mice showed 
similar levels of "background" antibody activity against the 
test Ags with the preimmune samples of immunized 
animals, but the background activity against CT appeared to 
be higher compared to that against Agl/II or even Salmo- 
nella (FIGS. 10C, 15A, 15B, 15C, 16A, and 16B). 

Using a temperature-regulated expression system engi- 
neered in avimlcnt 5. typhimurium, the present invention 
demonstrated high levels of antibodies against the cloned 
heterologous Ags in serum and mucosal secretions after oral 
or i.n. immunization. Expression of recombinant immuno- 
gens in this system was activated under in vivo conditions 
(37° C), since at 37° C. target protein induction was shown 
to be optimal. This system was used to investigate whether 
the non-toxic A2/B moiety of cholera toxin can act as a 
Salmonella-cloned adjuvant when co-expressed with the 
SBR protein antigen. For this purpose, a S. typhimurium 
clone expressing SBR alone and a similar clone expressing 
the SBR-CI chimeric protein were used, which were 
Tourid to produce similar levels of the SBR polypeptide. The 
amount of chimeric protein produced by the SBR-CT**' 
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clone (2.68% of toial soluble protein) was consistent wiih „h,„ i • . • . . 

«hc es.ima.ed SBR IcveLs (1.6%) eircLdTv L ^ ^^^ ^'"^ f °" OWin S administra- 
clone, since SIJR comprises 39% of the whole chimeric Son of T T Sa, . m °1 e '» micc " Antigenic Simula- 
molecule by weigh. " C '° D , ° f n .»?«-»?Mcated lymphoid .issues which show 

Quantitative analysis of serum samp.es showed .ha, the 5 »"»«* 

u .Z , lhcSBR - Cl . -""Pressing S. typhimuriumthan mucosal efTec.orsi.es, including (he inleslinal 

w,.h .he clone expressing SBR alone. Although ibis may P<°Pria, in a fashion ^tog^TsUm^S^t GAI T 

'wSh'Tr T lar . an ' igCniC C ° mpeti,ion " obsCfvcd ^° re ° VCr ' 3 P ° r,ion of "* ^oS S may hS 

w, h.n .he IgG molecule, ,.e., higher responses are induced ,o -swallowed by mc mice resul.ing in diwWlS 

it w°h f , r gmC r W . hCQ Fab fa injcC,cd alonc ,ban whc " ° f ,' bC GALT T ° minimi2c tbis Possibility, a relaUvdy IS 

the whole IgG molecule is used for immunizalion, analysis volume w * slowly applied (o .he external nares (-10 J Iner 

of resp<,nses ,n secretins revealed an opposite trend. Com- nos,ril )- If these mice did swallow some Salmonella 

paring .he mucosal IgA ant.body levels lo Agl/II induced by nanisms, the number would be relatively small coTnared 

immunization with the two S. typhimurium clones a. each .5 ,0 ,he ° ral dose Si«« <o i.g. immunized mice, i e 

™E,h '. cx ™T d 56 toe-poiDte including all groups ^«»»othei.n.4w.Altc ra ^y.s. 0 ^^ l ,SS 

13B 14B 'iIaIsr '.T"^" 00 ^ 08 ,2A - UB ' BC - r 658 ^ GALT by d ^™-a«i0D from nasal 

rh™ f ' 5C ' l6A - and I<B >« ,hc res P° nse » * UeS - Iraraunizali °'> by the i.n. route was generaUy as 

Uie case of the clone expressing SBR linked to CTA2/B was cffec " ve as by the i.g. roule, despite using lower doses 
higher on 51 occasions (91%). In contrast, the serum IgG 20 Bcs,d < :& a remarkable secondary IgG response in serum 

response was higher in 83% of the occasions (31/36) in fbe against Agl/II and CT, a pronounced stcond^livar^lS 

( oa ono£ ^ e \' he O0e "P"^ SBR alone induced against (he cloned Ags after i.n and 

HSn * u C ' 4* aDd MA) - °° e can s P eculate ,ha » - & - ("^"X two primary dosef were riveS 

L IA2/B may have a dual influence on anti-SBR responses 'mmunization, suggesting induction of immunological 
arising from its dual role as an immunogen and as an 25 metnor y- Enhanced salivary IgA anamnestic resoonses to 

r m ^^T 8 1 agem - ^ aD "™unogenic component of SBR « CTA2/B were not observed previously iH^osal 

me otJK-c 1 chimenc molecule, CTA2/B may tend to immunization experiment using purilied SBR-CT"' or lhe 

depress the unmune response to SBR through anligenic AgWI molecule chemically conjugated to native 

compeauon, and as a mucosal adjuvant it may tend to CTB. Because of concerns regarding the efficacy of related 
potentiate anti-SBR responses. This dual effect might have 30 use of Salmonella as a carrier for various heiemlntmnv a™ 

SSoSf mUCOSal and ? r 35 that boos,in g ° f ™< IgA Z scTn 

responses if CTA2/B b able to provide better help for 8 antibody responses was induced after i.g booster immu 

antibody production in mucosal inductive sites than in nization of mice with a preexisting intestinal IgA response" 

systemic compartments. Presumably, Salmonella-expressed to the Salmonella vector. 

T ^ deliver f d to ^ mu «>sa' and systemic 35 'n ummary, despite the requirement for genetic coupling 

inductive sites because of the ability of the vector to colonize of CTA2/B to SBR .0 induce substantial anti-SBR «S2 

mucosal lymphoid tissues and to disseminate to systemic aftcr mucosal immunization with purified immunoecn 

tissues. Interestingly, in an immunization study with influ- expression of SBR alone in an avinilent 5 typhimuriu^ 

enza virus administered mucosally or systemically in the vector was sufficient to induce high levels of antibodies in 
absence or presence of CTB, the adjuvant effect of CTB on 40 scrum and muc °sa' secretions. The finding that the immu 

antiviral antibody responses was found to be more pro- °°gcnicity of Salmonella-delivered SBR was not signifi 

nouncedatter in. than after subcutaneous or i.p. immuni- cantly dependent on co-expression of CTA2/B .suggests that 

zauon. mese findings cannot be attributed to quantitative 10 oral immunization with purilied SBR-CT" 1 tareetini? of 

differences (equal doses were given by all routes and in the SBR to «* GALT via G„, receptors on the olerWng 

case ot i n. immunization the amount actuaUy absorbed may 45 ^tigco-sampUng M cells, may constitute an important 

dc even has than llwt injected for systemic administration) 'mmunoenhancing mechanism. The requirement for this 

n j 1° ! ad J"vant effect which is possibly mechanism, which would also reduce the exposure of SBR 

influenced by .he particular microenvironment where CTB to Phases in the gut lumen, is bypassed by the Salmonella 

Thinriv) 1. . vector because of its tropism for the GALT, where SBR will 

inl or Hi2 cells induce anUgen-specific B cells lo selec- so equally be delivered. The current system can be modified 

uvely produce IgG2a or IgGl anttoodies, respectively. Sal- *> 1»» CTA2M can find application as a Salmonella-cloned 

monclla (as well as other intracellular microorgamsms) adjuvant, especially for Ags that arc poor immunogens when 

generally induces a 111 1 -type response characterized by high delivered by this live antigen^lelivcry system 

levels of IFN-y and lgG2a amibodies. The .serum IgG PXAMPI r „ ' 

rcs.x.n.sc .0 a Salmonc.la-dclivcrcd^tcin antigen was a M4 H - wcre ™™«>i«« 3 limes 

entirely determined by the vector bu, is a.r Xn^dbv fl e 1 mlcrvaLs wah 50 /<B of the appropriate inununogen 

inherent properties of the cloned antigen '"""^ ^ ^ c 8 ro «P ^s.gnafons), with or without an adjuvant 

l-hc mechanisms for inducing intestinal IgA responses ,0 whT ( *t " ^"r" l ° Xin (C °' in * V " lumc <,f 50 ^ 

tr^'i vacc - hL h - « :^:^ ly app,,cd m ,hc cx,trnai — » — ° r 

Aiimmgh less is known regard ine responses indiuvil i- 
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collected from (he retroorbita I plexus with henarin md ran w ^ u a .. r . 

illary pipettes. Saliva samples were collet by Zc^ oU SJa^ " '° im,UCC rcS P onses to ^BR. 

Pasteur pipette aftc^^ ^URGS ^L^S/^"?? a8aiDSt 

I day before the ^ionizations and 2 weeks after the last 5 responses to itself (FIGS. 20 and 24 T^S^JSl 
immunization. ^ levels of Lsotype-spedHc antibodies Agl/II, aD d Agll compare well with^e r ^n^ to CT ' 
from serum and sahva, and total salivary IgA were deter- IWore, the chimeric irnmunogen, SBR-CTA^/B is 
mined by LLISA on microliter plates coated with native vcr y effective for inducing serum IgG and salivary fcA 
AGI/II, recombinant SBR, Agll, G„, followed by CT, or antibodies to SBR, which also react with the parent amieen 
goat anti-rat IgA. The plales were developed with the io A ^ ,/I1 ma y *>e advantageous, because SBR was" 
appropriate peroxidase -conjugated goat anti-rat immununo- selected as a part of the, Agl/II molecule that appears to be 
globulin tsotype (IgG for serum samples and IgA for saliva func ^onally important for the adherence of Streptococcus 
samples) and o-phenylenediamine substrate with H 2 0 2 The mu f ans l <> tooth surfaces. Immunization with Agl/II appears 
concentration of antibodies/total immunoglobulin in test l ? mdu f e antibodies m °st strongly against the Agll part of 
samples was calculated by interpolation on standard curves is a f m ° lec " ,c ' yct ear,ier work Seated that antibodies to 
generated using a rat immunoglobulin reference senim and h 7 i™ - ° 0t P rotcctlve against S. mw/a/ts-induced 
constructed by a computer program based on four parameter 1°^' Vantage of using genetically con- 
logistic algorithms. strutted chimeric immunogens may therefore include the 

geometric means */ + standard devia,ioo for ease of inter- activity in iMUtaiSTS^^e^SKJ^ 

weeks after the last immununizaUon. Specific antibodies in parts of the molecule. « sensitive 

preimtnunuoe samples were not detectable. Any patents or publications mentioned in this snecifica 

Immunization groups 1, 2, and 3 are controls, groups 4 lion are indicative of the levels of those skilled in the art to 

SI ^M-™ 2 ™ chimeric P<°"i° Wb f the inven,i °° P^^ins. These patents and publicaSS 
J cC ^ T " * W1,b ° Ut (gTOUp 4 > or with 30 are hercm ^orporated by reference to the same extent as if 

l. group 5; c 1 as adjuvant, and groups 6-11 were immunized e! >ch individual publication was specifically and individual^ 

w,th chemical ,o CO ugates of SBR, Agll, or Agl/II coupled to indicated to be incorporated by reference 

T^iT 1 With ° Ut ° r ^ CT 35 M adjuVant - ° ne SkiUed " the art wiU rea <% appreciate that the 

Yt y '!■ 7J , '* rS WCI f, a 8 ainst the intact Ag^I presen ' invent ion is well adapted to carry out the objects and 

irT'R™, ''? 35 "8"™* SBR (HGS - 18 and 35 ° btaiD ,he Cnds and Stages mentioned, as well as those 

22), and AGII (another part of AGJM distinct from the part inherent therein. The present examples along with the 

SETS ^^° S - 19 ^ ReSDOnSeS CT meth0dS ' P^res, treatments, molecules, and ^ecific 

(i-ius. zo and 24) are g 1 ven for comparison, since the compounds described herein are presently representative of 

immunogens as well as the adjuvant (CT) where used also Preferred embodiment, are exemplary, and are not intended 
induce responses to CT. Since CT is regarded as .be most 40 « limitations on the scope of the invention. Changes therein 

potent mucosal immuoogen, these comparisons serve to put and °«hcr uses will occur to those skilled in the art which arc 

the magnitude of responses to SBR or Ag I in perspective. encompassed within the spirit of the invention as defined bv 

in all instances, responses (measured against SBR, Agl/II, »he scope of the claims, 

or AGII) to the various immunogens given without CT Wbat <s claimed is- 

adjuvant were undetecable; the use of CT as adjuvant was 45 1- A method of producing an immune response bv admin 

necessary to obtain responses in these rats (Fischer strain). Nation of an attenuated strain of bacteria wherein said 

k." ° g 15 m ° arked contrast to aU Previous results attenuated bacteria express an antigen of interest as a fusion 

rtrTl to *m ^/n C J"™ 11 *' iD Which aQ,ib ° dv Pn,,ein ^ 3 P ' aSraid Whkh ""f* 8 in "liable linkage: 

responses to SBR-CTA2/B chimenc protein or to Agl/II a) an origin of replication- 

conjugated chemically to rCTB given intranasally were so b) a promoter and 

generated in the absence of CT adjuvant. The reason for thk r\ hwa - ' J - 

difference of response Ls not clear, and it is not taown if £ * wh ^fnv?* ' he aDtigen ° f interest ' 

reQects the particular strain of rat' used, or^To £ 2 ^ 5 o ch ^ " '° ^ 

as compared to m «. Reports of studies performed 2 ^f^. - ,. 

human subjects indicate that humans respond well to intra- 55 nroleinTsi^Tn^ ,5, T ' b ' nd ' ng 

nasal or oral immunization with recombinant CTB e M?*' ? m Stre P ,ococcus c m «">™ surface protein 

more .ike mice than raLs. Tte following is a comSn of ctCtcfxin % ™ * ^ ^ " "* ^ SUbUn,t ° E 

S^m c! h I s d ^a , :, ,mmUn ° gCnS aQimak immU " 3 - of cla '- I- whe^io said p.asmid further 

HothSBR (in the form of cither the chimeric immunogen. «, Sr^w^S^th L^f " ? subun ' 1 . ^ °f cholera 

group 5 or the chemical conjugate, group 7) and AGII ^ ^ * 

^ — - — - d is 

?ii^\tta„ 2 ^^^ 65 p ^ s ,sr i, c,aim 3 - wh - in sai ^ ^ 

surcd in .his way. However SKR (in chher E^T, ,1 M Mn ' surface protein 

•he strong Jp,,,,^ mcJu, Ji^slTiiS^! SS^xS" a "" gCn ,nh!,,!!a ^ d SUb " ni ' " f 
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^m^^!^ ° f Claim 5 ' Whcrcin »' d P*a S micl is 
pMiK-C 1 (altcraalivcly designated pSBR-CTA2/B). 

7. The method of claim 3, wherein said attenuated bac- 
terial strain is administered by a route selected from the 
group consisting of orally, intranasally, intrarcctally 5 
mtravaginally, intramuscularly, and subculancously. 

8. The method of claim 3, wherein said immune response 
results in the production of antibodies to the protein anticcn 
sequence in a bodily fluid selected from the group coasisting 
orsal.va, .nteslinai secretions, respiratory secretions, genital io 
secretions, tears, milk and blood. 

9. The method of claim 3, whcrcin said immune response 
is selected from the group consisting of development of 
antigcn-spcciflc T cells in the circulation and tissues of said 
individual, the development of cytotoxic T cells and immu- 15 
nological tolerance to the protein antigen sequence. 

10. An attenuated Salmonella strain, wherein said Salmo- 
nella strain expresses a chimeric fusion protein from a 
plasmid which comprises in operable linkage: 

a) an origin of replication; 20 

b) a promoter; 
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c) DNA sequences encoding a fusion protein of the 
antigen of interest fused in frame with the A2 subunit 
ol cholera toxin; and, 

d) DNA sequences encoding subunit B of cholera toxin 
for cocxpression with said fusion protein of the antigen 
of interest and A2 cholera toxin subunit to facilitate 
assembly of a chimeric protein. 

11. An attenuated Salmonella strain, wherein said Salmo- 
nella strain expresses a chimeric fusion protein from a 
plasmid which comprises in operable linkage: 

a) an origin of replication; 

h) a promoter, 

c) DNA sequences encoding a fusion protein of salivary 
binding protein (SBR) from Streptococcus nutans sur- 
face protein (Agl/Il) fused in frame to the A2 subunit 
of cholera toxin; and, 

d) DNA sequences encoding subunit B of cholera toxin 
for coexpression with said fusion protein of saliva 
binding protein and A2 cholera toxin subunit to facili- 
tate assembly of a chimeric protein. 
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I. RF.AT. PARTY TN TNTFRFST 

The real party in interest is the UAB Research 
Foundation. 

II. RFI.ATFT) APPFAT-S AND TNTF.R FF.R F.NflFS 

Appellant is aware of no other appeals or interferences 
which will directly affect or be directly affected by or have a bearing 
on the Board's decision in the pending appeal. 

III. STATUS OF THF flT.ATMS 

Originally claims 1-29 were filed with this Application. 
Claims 4-5 and 7-23 were canceled by amendment. The pending 
claims 1-3, 6, 24-29 are being appealed of which claims 1, 24 and 
27 are an independent claims. 
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IV. STATUS OF AMENDMENTS 



Subsequent to the final rejection mailed May 6, 2003, 
Applicants submitted a Response After Final which canceled claims 
9-23. All pending claims are shown in Appendix A. 

V. SUMMARY OF THE TNVENTTON 

The present invention provides methods of inducing 
immune responses by recombinant antigen-enterotoxin chimeric 
mucosal immunogens comprising the A2/B subunits of heat-labile 
type II toxins (see Abstract). The enzymatically active Al subunit of 
heat-labile type II toxin was replaced with an immunogen such as the 
saliva-binding region (SBR) from the streptococcal adhesin Agl/II 
(page 6, lines 7-15). Intranasal immunization of BALB/c mice with 
the chimeric proteins induced significantly higher plasma and 
mucosal anti-SBR IgA and IgG antibody responses (page 40, lines 3- 
9). 

The present invention indicates that heat-labile type II 
toxins (LT-IIa and LT-IIb) and cholera toxin (a type I heat-labile 
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enterotoxin) induced secretion of different cytokines from anti- 
CD 3 -stimulated human peripheral blood mononuclear cell cultures 
(page 54, lines 4-18), possibly due to differential effects on CD40L 
expression and IL-12 secretion (page 48, line 17 to page 49, line 5). 
Accordingly, chimeric immunogens comprising the A2/B subunits of 
heat-labile type II toxins may possess unique immunomodulatory 
properties on CD4 + T cells due to secretion of Thl cytokine (page 
40, lines 19-21). 

The present invention also indicates an advantage for 
chimeric immunogens based on heat-labile type II toxins in that 
these chimeric proteins induced substantially lower antibody 
responses to the enterotoxin components of the immunogens. This 
feature may permit repeated administration of heat-labile type n 
toxin-based chimeric immunogens without the loss of 
immunogenicity due to pre-existing antibodies against the 
enterotoxin (page 41, lines 1-6). 
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VI. ISSUES 



35 U.S.C. §103 

Whether claims 1-3, 6 and 24-29 are obvious over Toida et al. 
(Infect Immunity, 1997) in view of Rappuoli et al. (Immunol. 
Today, 1999), and further in view, of Schodel et al. (Infect 
Immunity, 1989; Vaccine, 1990) and Connell et al. (Immuol. Lett, 
1998; Infect Immunity, 1992) under 35 U.S.C. §103(a). 

Whether claims 1-3, 6 and 24-29 are obvious over 
Russell et al. (U.S. patent no. 6,030,624) in view of Rappuoli et al. 
(Immunol. Today, 1999), and further in view of Schodel et al. 
(Infect. Immunity, 1989; Vaccine, 1990) and Connell et al. 
(Immuol. Lett, 1998; Infect Immunity, 1992) under 35 U.S.C. 
§103(a). 



VII. GROUPING OF CI. ATMS 



The rejected claims do stand or fall together. 
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VIII. ARGUMENTS 

Rejection Under 35 TT.S.C. §103 

In the Advisory Action mailed August 26, 2003, the 
Examiner maintained the rejection of claims 1-3, 6 and 24-29 under 
35 U.S.C. § 103(a) as being unpatentable over Toida et al. (Infect. 
Immunity 65:909, 1997) in view of Rappuoli et al. (Immunol. 
Today 20:493, 1999), and further in view of Schodel et al. (Infect. 
Immunity, 57:1347, 1989; Vaccine 8:569, 1990) and Connell et al. 
(Immuol. Lett. 62:117, 1998; Infect. Immunity 60:1653, 1992). 
Applicant respectfully requests that this rejection be reversed. 

The present invention is drawn to methods of inducing 
cellular immune response or Thl immune response (i.e., T cell- 
mediated immunity) by a fusion protein comprising an antigen fused 
to the A2 and B subunits of a type II heat-labile enterotoxin. 

In contrast, Toida et al. describe a method of inducing 
humoral (antibody) and cellular (T helper cell) immune responses 
using a chimeric immunogen comprising an antigen fused to the A2 
and B subunits of cholera toxin (a type I heat-labile enterotoxin). 
Rappuoli et al. describe the the structure and mucosal 
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adjuvanticity of cholera and E. coli heat labile enterotoxin. Scho^el 
et al. describe inducing T cell immune responses (but not humoral 
immune response) against an antigen using a fusion protein which 
consists of an antigen fused to the B subunit of E. coli heat labile 
enterotoxin. 

Conn ell et al. (1992) describe the structural 
characterization of hybrid toxins produced by assembly of A and B 
polypeptides from type I and type II heat labile enterotoxins. 
Connell et al. (1998) describe the induction of humoral immune 
response upon co-administration of a weak immunogen and a type n 
heat labile enterotoxin. 

Rappuoli et al. and Schodel et al. only teach heat labile 
enterotoxins in general without discussing any similarities and 
differences between type I and type II heat labile enterotoxins. The 
Examiner acknowledges that Rappuoli et al. and Schodel et al. do 
not distinguish type II from type I heat labile enterotoxins (Final 
Office Action mailed May 6, 2003, page 4). The Examiner argues, 
however, the gap in teaching on type II heat-labile enterotoxin can 
be filled by Connell et al. The Examiner's rejection is based on the 
assertion that Connell et al. compensate for the lack of teaching on 
type II heat labile enterotoxins in Rappuoli et al. and Schodel et al. 
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Accordingly, Applicant focuses the following discussion on Connell 
et al. 

Asserting that Connell et al. (1992) teach structural 
compatibility between type I and type II heat labile enterotoxins, and 
Connell et al. (1998) teach type I and type II heat labile 
enterotoxins can be used as mucosal adjuvants, the Examiner 
concludes that apparently there is not much differences in adjuvant 
properties between type I and type II heat labile enterotoxins (Final 
Office Action mailed May 6, 2003, page 4). Hence, according to the 
Examiner, it would have been obvious to replace the type I heat 
labile enterotoxin in Toida et al. with a type II heat labile 
enterotoxins. Applicant submits that the Examiner's broad assertion 
of same adjuvant properties between type I and type II heat labile 
enterotoxins is not supported by the cited references and lacks a 
scientific basis. 

There are significant structural differences between type 
I and type II heat labile enterotoxins. Within the A and B 
polypeptides of the enterotoxins, only the Al fragments are 
homologous between type I and type II heat labile enterotoxins 
(Connell et al., 1992, page 1653, right column, lines 13-20). The 
A2 fragments are much less homologous than the Al fragments, and 
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the B polypeptides of type I enterotoxins have little or no significant 
homology with those of type II enterotoxins (Connell et al., 1992, 
page 1653, right column, lines 20-24). 

The Examiner acknowledges there is significant 
structural differences between type I and type II heat labile 
enterotoxins (Final Office Action mailed May 6, 2003, page 4; 
Advisory Action mailed August 26, 2003). The Examiner asserts, 
however, the Connell et al. references were cited to show type I and 
type II heat labile enterotoxins possess similar biological activities in 
spite of the structural differences (Advisory Action mailed August 
26, 2003, citing first three rows of Table 2 in Connell et al., 1992). 

Applicant submits that the term "similar biological 
activities" needs to be clarified in terms of what were taught in 
Connell et al. Connell et al. (1992) disclosed biological activities 
in terms of toxicity and structural integrity which was determined 
via recognition by enterotoxin subunit-specific antibodies (Table 2, 
Connell et al., 1992). Connell et al. (1998) taught induction of 
humoral immune response. Hence, in view of the significant 
structural differences between type I and type II heat labile 
enterotoxins, Connell et al. (1992, 1998) teach similar properties 
in toxicity, structural integrity and the ability to induce humoral 
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immune response. However, biological functions on toxicity, 
structural integrity and induction of humoral immune response do 
not provide any scientific basis for predicting the likelihood of 
inducing cellular or T cell-mediated immune response by type II heat 
labile enterotoxins. Connell et al. or other references cited by the 
Examiner do not provide any teaching or guidance on how to relate 
the properties of toxicity, structural integrity and induction of 
humoral immune response to the capacity of inducing cellular 
immune response. In other words, even though type I and type II 
heat labile enterotoxins have similar properties in toxicity, 
structural integrity and induction of humoral immune response, that 
does not mean these two types of enterotoxins would have similar 
properties in the induction of cellular immune response because the 
recited similar activities do not have direct and logical relationship 
to the capacity of inducing cellular immune response. 

A person having ordinary skill in this art would readily 
recognize that toxicity and immunity are two distinct and separate 
areas of biological activities. Regarding the teaching on induction of 
humoral immunity, it is important to recognize the distinct features 
of humoral immunity (antibody immune response) vs. cellular 
immunity (T cell-mediated immune responses). The distinction 
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between humoral immunity and cellular immunity is significant and 
important. It is a basic concept in immunology that these two kinds 
of immune responses are stimulated by different immunogenic 
peptides (Class I MHC-restricted peptides vs. Class II MHC-restricted 
peptides) and are mediated by different immune effector cells (T 
cells vs. B cells). Hence, the parameters for the induction of 
humoral immunity are different from that for the induction of 
cellular immunity. One of ordinary skill in the art would readily 
recognize that parameters for the induction of humoral immunity 
are mostly, if not all, not suitable or applicable for the induction of 
cellular immunity. Therefore, the teaching on the induction of 
humoral immunity as disclosed in Connell et al. (1998) does not 
shed any light on whether an immunogen comprising a type II heat 
labile enterotoxin can induce cellular immune responses. 
Accordingly, the issue of whether an immunogen (in the present 
case, a type II heat labile enterotoxin) can induce an immune 
response (in the present case, cellular immunity) has to be resolved 
by actual experimentation. 

The need for empirical experiments is also highlighted by 
the significant structural differences between type I and type II heat 
labile enterotoxins. The present invention relates to induction of 
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cellular immune response by a chimeric antigen comprising the A2 
and B subunits of type II heat-labile enterotoxin. In contrast, the 
cited prior art references teach induction of cellular immune 
response by a chimeric antigen comprising the A2 and B subunits of 
type I heat-labile enterotoxin (Toida et al.). As discussed above, 
the A2 and B subunits of type I heat-labile enterotoxin have little or 
no significant homology with those of type n enterotoxins (Connell 
et al., 1992, page 1653, right column, lines 20-24). The cited prior 
art references do not provide any logical or scientific reasoning that 
would have indicated to a person having ordinary skill in this art 
that the A2 and B subunits of type II heat-labile enterotoxin would 
induce cellular immune response in a way similar to that induced by 
the A2 and B subunits of type I heat-labile enterotoxin. 

In conclusion, the combined prior art references teach 
that the A2 and B subunits of type I heat labile enterotoxin are 
structurally different from that of type II heat labile enterotoxin, 
and these two types of enterotoxins possess similar activities in 
terms of toxicity, structural integrity and induction of humoral 
immune response (Toida et al., Connell et al., 1992, 1998). The 
lack of differentiation between type I and type II heat labile 
enterotoxins in Rappuoli et al. and Schodel et al. renders these 
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two references ambiguous and useless in providing any guidance. 
The combined prior art references, however, do not teach or 
suggest that the A2 and B subunits of type I and II heat-labile 
enterotoxins would have similar capacity in the induction of cellular 
immune response in spite of substantial structural differences. 
Hence, the cited prior art references do not provide one of ordinary 
skill in the art with the requisite reasonable expectation of 
successfully producing Applicant's claimed methods. Accordingly, 
the invention as a whole is not prima facie obvious to one of 
ordinary skill in the art at the time the invention was made. 

The Examiner also contends that the instant situation is 
amenable to the type of analysis set forth in Tn re Kprkhovpn , 205 
USPQ.1069 (CCPA 1980) wherein the court held that it is prima facie 
obvious to combine two compositions each of which is taught by the 
prior art to be useful for the same purpose. Applicant respectfully 
disagrees. Applicant submits that the present invention is not 
amenable to the type of analysis set forth in Tn rp Kprkhovpn 
because, as discussed above, the prior art references do not teach 
or suggest two compositions (the A2 and B subunits of type I heat- 
labile enterotoxin vs. that of type II enterotoxin) each of which is 
useful for the same purpose (i.e. induction of cellular immune 
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response). Accordingly, Applicant submits that the invention as a 
whole is not prima facie obvious, and that the rejection of claims 1- 
3, 6 and 24-29 under 35 U.S.C. §103(a) be reversed. 

In the Advisory Action mailed August 26, 2003, the 
Examiner maintained the rejection of claims 1-3,6 and 24-29 under 
35 U.S.C. § 103(a) as being unpatentable over Russell et al. (US 
patent no. 6,030,624) in view of Rappuoli et al. (Immunol. Today 
20:493, 1999), and further in view of Schodel et al. (Infect. 
Immunity, 57:1347, 1989; Vaccine 8:569, 1990) and Connell et al. 
(Immuol. Lett. 62:117, 1998; Infect. Immunity 60:1653, 1992). 
Applicant respectfully requestes that the Board reverse this 
rejection. 

Russell et al. describe a method of inducing humoral 
(antibody) and cellular (T cell) immune responses using a chimeric 
immunogen comprising an antigen fused to the A2 and B subunits of 
cholera toxin (a type I heat-labile enterotoxin). The other cited 
references have been discussed above. 

The Examiner rejects claims 1-3, 6 and 24-29 on the 
same basis as that based on Toida et al., Rappuoli et al., Schodel 
et al. and Connell et al. Therefore, the above discussion applies 
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here also. Applicant reiterates that the cited prior art references ,do 
not teach or suggest that the A2 and B subunits of type I and II heat- 
labile enterotoxins have similar capacity to induce cellular immune 
response in spite of substantial structural differences. The issue of 
whether the A2 and B subunits of type II heat labile enterotoxin can 
induce cellular immunity has to be determined by actual 
experimentation. The invention as a whole is not prima facie 
obvious to one of ordinary skill in the art at the time the invention 
was made. Accordingly, Applicant respectfully requests that the 
rejection of claims 1-3, 6 and 24-29 under 35 U.S.C. §103(a) be 
reversed. 
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CLAIMS ON APPEAL 

1. A method of inducing an immune response by 
administration of a recombinant immunogen comprising a fusion 
protein of an antigen fused to the A2 and B subunits of a type n 
heat-labile enterotoxin, wherein said immune response is selected 
from the group consisting of development of antigen-specific T cells 
in the circulation and tissues, the development of cytotoxic T cells 
and immunological tolerance to the antigen sequence. 

2. The method of claim 1, wherein said antigen of interest 
is salivary binding protein (SBR) from Streptococcus mutans surface 
protein (Ag I/II). 

3. The method of claim 1, wherein said type II heat-labile 
enterotoxin is selected from the group consisting of E. coli heat- 
labile type Ha toxin and E. coli heat-labile type lib toxin. 

6. The method of claim 1, wherein said immunogen is 
administered by a route selected from the group consisting of 
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orally, intranasally, intrarectally, intravaginally, intramuscularly, 
transcutaneously and subcutaneously. 

24. A method of increasing Thl response and cell-mediated 
immunity by administration of a recombinant immunogen 
comprising a fusion protein of an antigen fused to the A2 and B 
subunits of a type II heat-labile enterotoxin. 

25. The method of claim 24, wherein said antigen of interest 
is salivary binding protein (SBR) from Streptococcus mutans surface 
protein (Ag I/II). 

26. The method of claim 24, wherein said immunogen is 
administered by a route selected from the group consisting of 
orally, intranasally, intrarectally, intravaginally, intramuscularly, 
transcutaneously and subcutaneously. 

27. A method of increasing Thl response and cell-mediated 
immunity by administration of a recombinant immunogen 
comprising a fusion protein of an antigen fused to the A2 and B 
subunits of a E. coli heat-labile type Ila or type lib toxin. 
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28. The method of claim 27, wherein said antigen of interest 
is salivary binding protein (SBR) from Streptococcus mutans surface 
protein (Ag I/II). 

29. The method of claim 27, wherein said immunogen is 
administered by a route selected from the group consisting of 
orally, intranasally, intrarectally, intravaginally, intramuscularly, 
transcutaneously and subcutaneously. 
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Oral Immunization with the Saliva-Binding Region of Streptococcus 
/nutans Agl/II Genetically Coupled to the Cholera Toxin B 
Subunit Elicits T-Helper-Cell Responses in 
Gut-Associated Lymphoid Tissues 

NOZOMU TOIDA,t GEORGE HAJISHENGALLIS, HONG- YIN WU, and MICHAEL W. RUSSELL* 
Department of Microbiology, University of Alabama at Birmingham, Birmingham, Alabama 35294 
Received 15 May 1996/Returned for modification 17 July 1996/Accepted 30 November 1996 

Mice immunized intragastrically (i.g.) with a genetically constructed chimeric protein consisting of the 
saliva-binding region (SBR) of Streptococcus mutatis Agl/II coupled to cholera toxin (CT) A2 and B subunits 
(CTA2/B) develop serum immunoglobulin G (IgG) and mucosal IgA antibody responses against Agl/II that are 
enhanced by the coadministration of CT as an adjuvant. To investigate the development of antigen-specific T 
cells in the gut-associated lymphoid tissues, mice were immunized i.g. with SBR, SBR-CTA2/B, or SBR-CTA2/B 
plus CT. Agl/II-specific T cells in Peyer's patches (PP), mesenteric lymph nodes (MLN), and spleen were 
assayed by lymphoproliferation and flow cytometry for the expression of T-ceil surface markers, and cytokine 
mRNA expression was evaluated by reverse transcription-PCR. T-cell responses were consistent with antibody 
responses but were detectable after the first immunization. Proliferative responses of PP and MLN cells upon 
stimulation with Agl/II in vitro were low and delayed in mice given SBR alone, and these cells displayed a mixed 
type 1 and 2 (or ThO) pattern of cytokine expression. Immunization with SBR-CTA2/B resulted in greater 
Agl/II-specific proliferative responses in PP cells and an increase in the proportion of CD4 + T cells. Coad- 
ministration of CT with SBR-CTA2/B led to greater proliferative responses especially in the MLN cells, which 
then showed an increase in CD4 + cells. Immunization with SBR-CTA2/B (with or without CT) skewed the 
cytokine expression pattern in PP and MLN cells toward Th2. The results indicate that T helper cells were 
induced in gut-associated lymphoid tissues by i.g. immunization with SBR-CTA2/B, concomitantly with and 
prior to the appearance of circulating and mucosal antibodies. 
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Initial adherence of Streptococcus mutans to tooth surfaces 
appears to be mediated largely by the 167-kDa surface fibrillar 
adhesin known as Agl/II (synonyms, antigen B, PI, SpaP, and 
PAc) (14). The adhesion domain that interacts with salivary 
pellicle has been located to the alanine-rich (A) repeat region 
in the N-terminal part of the molecule (2, 12) extending from 
the cell surface probably in an ot-helical conformation (21). 
Early studies on Agl/II indicated that rhesus monkeys immu- 
nized with S. mutans and showing protection against dental 
caries mounted antibody responses especially against the com- 
plete molecule rather than against Ag.II (34), which corre- 
sponds to the C-terminal one-third. These results were sup- 
ported by the finding that immunization with either complete 
Agl/II or the isolated Agl component (corresponding to the 
N-terminal two-thirds) afforded protection against caries (22). 
Thus, a rational approach to immunization against S. mutans- 
induced dental caries can be based on the generation of an 
appropriate antibody response in the saliva that would inhibit 
the adherence of S. mutans to tooth surfaces. Human secretory 
immunoglobulin A (S-IgA) antibodies to Agl/II have been 
shown to inhibit such adherence (14). However, S-IgA anti- 
bodies in saliva and other secretions are not effectively induced 
by conventional parenteral immunization (27). 

S-IgA antibodies are most effectively induced by stimulating 
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the common mucosal immune system (27), for example, by 
enteric immunization which stimulates the gut-associated lym- 
phoid tissues, including the Peyer's patches (PP) of the small 
intestine. Considerable attention has been given to the devel- 
opment of improved procedures for the oral delivery of vac- 
cines (28), one of which is coupling antigens to the nontoxic 
binding B subunit of cholera toxin (CT), a safe and highly 
immunogenic protein in humans (16). The B subunit of CT 
(CTB), because of its avid binding to G M , ganglioside, which is 
present on all nucleated cell surfaces, is readily taken up by the 
M cells covering PP and passed to the underlying immunocom- 
petent cells which initiate the mucosal IgA antibody response. 
Antigen-stimulated IgA-committed B cells, and corresponding 
T helper cells, then emigrate via draining lymphatics to the 
mesenteric, lymph nodes (MLN) and thence via the thoracic 
duct to the circulation before relocating in the effector sites of 
mucosal immunity, such as the salivary glands. Here terminal 
differentiation of B cells into IgA-secreting plasma cells occurs, 
and their product, polymeric IgA, is transported through the 
glandular epithelium to form S-IgA. Several studies have 
shown that other antigens can be coupled to CTB to generate 
strong mucosal IgA antibody responses to the desired antigen 
(4, 26, 36) and that intact CT, though toxic, serves as an 
adjuvant that enhances the response to coadministered anti- 
gens (9, 23). 

For immunization against S. /nutou- induced caries, this lab- 
oratory has developed a potent oral immunogen consisting 
initially of Agl/II chemically coupled to CTB (20, 36, 43). Mice 
and monkeys immunized intragastrically (i.g.) or intranasally 
with this develop salivary IgA antibodies to Agl/II (35, 36, 43). 
Recently, a novel class of genetically engineered mucosal im- 
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munogen, in which the 42-kDa saliva-binding region (SBR) of 
Agl/II is inserted in CT in place of the toxic CT Al subunit to 
create a chimeric protein in which SBR is coupled to pentam- 
eric CTB by the CTA2 peptide, has been developed (11). This 
protein has been shown to induce a persistent salivary IgA 
antibody response against Agl/II when administered i.g.; CT 
coadministered as an adjuvant enhances the response. How- 
ever, optimal responses to either the chemically conjugated 
Agl/II-CTB or the genetically constructed SBR-CTA2/B have 
appeared to require three doses given at 10-day intervals (11, 
36). This finding implies that the first dose must prime the 
mucosal immune system to respond to second and subsequent 
doses of the immunogen. Such priming would be expected to 
elicit antigen-specific T helper cells in the PP and MLN. Fur- 
thermore, the enhancement of antibody responses by the ad- 
juvant effect of CT might be expected to involve increased 
T-helper-cell activity. This study was undertaken to test these 
hypotheses by examining Agl/II-responsive T cells in the PP 
and MLN of mice during the course of i.g. immunization with 
SBR, SBR-CTA2/B, or SBR-CTA2/B plus CT adjuvant. 



MATERIALS AND METHODS 

Antigens. Agl/II was purified chromatographically from the culture superna- 
tant of S. /nutans essentially as described previously (33). 

The SBR-CTA2/B chimeric protein was constructed and expressed in Esche- 
richia colt and purified from extracts as described previously (1 1). In essence, this 
procedure consisted of PCR amplifying DNA for a 42-kDa segment encompass- 
ing the A repeat region and some downstream sequence of Agl/II from the pac 
gene, ligating this in a modified pET20b(+) piasmid (Novagen, Inc., Madison, 
Wis.) in frame with and upstream of the genes for CTA2 and CTB, and trans- 
forming the recombinant piasmid into £. coli BL21(DE3) cells (Novagen). 

SBR polypeptide was obtained by excising the relevant DNA and religating it 
into unmodified pET20b(+) in order to express SBR with a six-residue histidine 
sequence derived from the piasmid. This piasmid was also expressed in E. coli 
BL21(DE3), and SBR was purified from cell lysates by metal chelation chroma- 
tography on a nickel-loaded column (Novagen) according to the manufacturer's 
instructions. 

CT and CTB were purchased from List Biological Laboratories, Inc. (Camp- 
bell, Calif.). 

Animals and immunization. Adult BALB/c mice of either sex, 14 to 20 weeks 
old, from a pathogen-free colony were used for all experiments. Groups of nine 
mice were immunized i.g. three times at 10-day intervals by gastric intubation of 
either SBR-CTA2/B (100 u,g) alone, SBR-CTA2/B together with 5 u.g of CT as 
an adjuvant, or an equimolar amount of SBR (40 |ig), all given in 0.5 ml of 0.35 
M NaHCOj. Serum and saliva samples were collected on day 0 and 10 days after 
each immunization for assay of antibodies by enzyme-linked immunosorbent 
assay (ELISA). In some experiments, subgroups of three mice were killed 10 
days after each immunization for the preparation of cells from PP, MLN, and 
spleens for T-cell proliferation and flow cytometric analyses. 

ELISA. Serum IgG and salivary IgA antibodies to Agl/II and total salivary fgA 
concentrations were determined by ELISA as described previously (36) on plates 
coated with Agl/II and anti-mouse IgA, respectively, and by using goat anti- 
mouse IgG- and IgA-peroxidase conjugates (Southern Biotechnology Associates, 
Inc., Birmingham, Ala.) as detection reagents. Unknowns were interpolated on 
calibration cuives constructed by a computer program based on four-parameter 
logistic algorithms as previously described (36). 

Preparation and culture of lymphoid cells. Single-cell suspensions were ob- 
tained by teasing PP, MLN, and spleen apart with needles, and tissue debris was 
removed by filtering through nylon mesh. Peripheral blood mononuclear cells 
were obtained by centrifugation on Histopaque 1083 (Sigma Diagnostic, St. 
Louis, Mo.). Remaining erythrocytes were lysed in buffered ammonium chloride; 
the cells were washed three times in RPMI 1640 medium (Mediatech, Washing- 
ton, D.C) supplemented with 2% fetal calf serum (FCS) and were finally resus- 
pended in 10% FCS-RPMI 1640. Cells were cultured in 10% FCS-RPMI 1640 
supplemented with 1 mM sodium pyruvate, nonessential amino acids, 2 mM 
gluiamine, 100 U of penicillin-streptomycin per ml, 25 mM HEPES, and 0.01 
mM 2-mercaptoethanol. 

Flow cytometry. Cell marker expression on freshly isolated cells was deter- 
mined by double staining with biotinylated anti-CD4 (GK1.5) followed by 
avidin-phycoerythrin and either fluorescein isothiocyanate-conjugated anti-CD3 
(145-2C11) or fluorescein isothiocyanate-conjugated anti-CD8 (5.V6.72) and by 
incubation for 30 min at 4 Q C in 2% FCS-Dulbccco's phosphate-buffered saline 
with 0.02% NaN v Cells were washed, fixed in 1% paraformaldehyde overnight, 
and analyzed on a FACStar IV flow cytometer (Becton Dickinson, Mountain 
View, Calif.). 



Proliferation assay. Cells from PP, MLN, and spleens were incubated at 10 5 
cells/well (0.1 ml) in triplicate with a previously optimized, concentration of 
Agl/II (0.5 M-g/ml) for 5 days and were pulsed with [ 3 H]thymiaW (0.5 jtCi/well) 
8 h before harvesting. Uptake of 3 H was counted by a liquid scintillation counter. 
The stimulation index was calculated as cpm (wells with Agl/II )/m can cpm 
(control wells). 

Cytokine expression. The expression of cytokines by PP, MLN, and spleen 
cells after culture in vitro with or without Agl/II (0.1 jLg/ml) for 24 h was 
determined by a reverse transcription (RT)-PCR procedure for the amplification 
of cytokine mRNA. Cells (5 x I0 6 to 7 x I0 6 ) were harvested from the cultures, 
washed thoroughly, and then lysed in 350 u.1 of lysing buffer for isolation of RN A, 
using an RNeasy kit (Qiagen Inc., Chatsworth, Calif.). RNA was redissolved in 
40 fil of diethyl pyrocarbonate-treated water, and 2-u.l samples were added to 18 
\l\ of RT mixture (Perkin-EImer, Foster City, Calif.) containing lx PCR buffer, 
5 mM MgQ 2 , 1 mM (each) deoxyribonuclcoside triphosphate, 1 U of RNase 
inhibitor per ml, 2.5 U of Moloney murine leukemia virus reverse transcriptase 
per ml, and 2.5 mM oligo(dT), 6 . Mixtures were overlaid with 50 u,l of light 
mineral oil and incubated in a thermal cycler (Perkin-EImer) for 15 min at 42*C, 
45 min at 37°C, 5 min at 99°C, and 5 min at 4°C After RT 80 u,l of PCR mixture 
(Perkin-EImer) was added to each tube to give final concentrations of 25 U of 
AmpliTaq DNA polymerase per ml, 0,15 u,M 5' primer, 0.15 p.M 3' primer, 2 
mM MgCI 2 , and 1 x PCR buffer II. Primers specific for murine gamma interferon 
(IFN-7), interleukin-2 (IL-2), IL-4, IL-5, IL-6, IL-10, and B-actin (30) were 
obtained from Clontech Laboratories Inc. (Palo Alto, Calif.) or the Oligonucle- 
otide Synthesis Core Facility of the UAB Comprehensive Cancer Center, and 
their specificities were verified by means of RT-PCR on RNA extracted from 
mitogen-stimulated mouse spleen cells. After heating at 95°C for 2 min, cDNA 
was amplified for 35 cycles consisting of 45 s at 94°C, 3 min at 72°C, and 2 min 
at 60°C. The products of amplification were analyzed by 2% agarose gel elec- 
trophoresis, revealed by ethidium bromide staining, and photographed by UV 
transillumination. The results were scored according to the presence or absence 
of a band of appropriate molecular size. 

Statistical methods. Quantitative results were evaluated by Student's / test, by 
means of Multistat (Biosoft, Ferguson, Mo.) on a Macintosh computer. Anti- 
body data were transformed logarithmically to normalize their distribution and 
homogenize the variances. 



RESULTS 

Antibody responses. Intragastric immunization of mice with 
SBR, SBR-CTA2/B, or SBR-CTA2/B plus CT incrementally 
induced serum IgG and salivary IgA antibodies measured 
against whole Agl/II (Fig. 1). Immunization with SBR alone 
resulted in weak but statistically significant (P < 0.001 at all 
intervals) serum IgG antibody responses and modest salivary 
IgA antibodies that were significantly elevated above the back- 
ground level only after the second and third immunizations 
(P < 0,001 and P < 0.01, respectively). Administration of the 
SBR-CTA2/B chimeric protein generated significantly greater 
serum IgG responses {P < 0.001), and coadministration of CT 
as an adjuvant further enhanced both the level and the earlier 
development of serum IgG antibodies. Salivary IgA antibodies 
also tended to be elevated by immunization with SBR-CTA2/B 
chimeric protein, especially when given with CT as an adju- 
vant; however, because of variation between animals, statistical 
significance was attained only after two doses given with CT. 
Nevertheless, the general pattern of results was in accordance 
with expectations based on responses to Agl/II, either alone or 
chemically conjugated to CTB, administered i.g. without or 
with CT adjuvant (4, 36). Total salivary IgA concentrations 
also increased in all animals during the immunization period, 
from 2.13 ± 0.61 u,g/ml in unimmunized animals to 5.92 ± 0.64 
u,g/ml after three immunizations, but there were no significant 
differences between the immunization groups. 

T-cell proliferative responses. To test whether T ceils capa- 
ble of proliferating in vitro in response to stimulation with 
Agl/II had been induced by the first, second, or third i.g. dose, 
groups of three mice were killed 10 days after a first, second, or 
third immunization with each immunogen preparation. This 
time interval corresponded to the immunization interval and 
was chosen to permit assessment of the potential responsive- 
ness of cells sensitized by the previous immunization to the 
next dose. Mononuclear cells from PP, MLN, and spleens were 
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FIG. 1. Serum IgG (a) and salivary IgA (b) antibody responses to Agl/II in 
unimmunized mice and mice immunized once, twice, or three times with SBR, 
SBR-CTA2/B, or SBR-CTA2/B plus CT adjuvant. Immunizations were given on 
days 0, 10, and 20, and samples were collected 10 days after each immunization, 
i.e., on days 0 (unimmunized mice), 10 (one dose), 20 (2 doses), and 30 (3 doses). 
Results shown are the geometric mean and standard deviation, plotted on log- 
arithmic ordinates, of samples from three animals analyzed separately. Salivary 
IgA antibodies were below detectable levels (<0.1 u-g/ml) on days 0 and 10. 



cultured with or without Agl/II. Incorporation of [ 3 H]thymi- 
dine expressed as stimulation indices revealed that Agl/II- 
responsive cells were elicited in the lymphoid tissues associated 
with the intestine, incrementally with the number and form of 
the immunogen doses (Fig. 2). PP and MLN cells taken from 
mice given two or three doses of SBR or of SBR-CTA2/B 
alone showed modest proliferative responses to Agl/II in vitro 
(stimulation indices in the range of 2.4 to 3.2; 5.44 for PP from 
mice given three doses of SBR-CTA2/B), whereas PP and 
MLN ceils from mice immunized with SBR-CTA2/B plus CT 
adjuvant showed proliferative responses after one dose (stim- 
ulation indices of 2.3 and 3.6, respectively) and greater re- 
sponses after two or three doses (stimulation indices of 3.1 to 
6.1). The proliferative responses of PP and MLN cells were 
different: MLN cells responded similarly to (or less than) PP 
cells when taken from mice immunized with SBR or SBR- 
CTA2/B but showed greater responses to Agl/II in vitro when 
taken from mice given AgI/II-CTA2/B plus CT. Spleen cells 
generally did not respond to stimulation with Agl/II in vitro 
(stimulation indices of <2), except for those taken from mice 
immunized once with SBR-CTA2/B plus CT (stimulation in- 
dex of 2.8). Cells from the PP, MLN, or spleens of unimmu- 
nized mice did not proliferate in response to Agl/II in vitro 
(stimulation indices of L.2 to 1.5). 



T-cell surface marker analysis. To elucidate the nature of 
the T-cell responses to i.g. immunization, cells freshly isolated 
from PP, MLN, spleen, or peripheral blood of mice immunized 
once, twice, or three times with the different immunogens were 
analyzed by flow cytometry for the proportion of cells express- 
ing T-cell marker CD3 (all T cells), CD4 (T helper phenotype), 
or CD8 (T suppressor/cytotoxic phenotype). The results are 
shown in Fig. 3. Among PP cells, there was an increase in the 
proportion of total T cells after each immunization that was 
most noticeable in animals immunized with SBR-CTA2/B or 
SBR-CTA2/B plus CT; this increase was mostly in the CD4 + T 
helper population, whereas the CD8 + T suppressor/cytotoxic 
population remained small. The MLN cell populations re- 
mained more stable, except in the case of cells from mice 
immunized with SBR-CTA2/B plus CT, in which the CD4 + 
population increased with the number of immunizations. MLN 
generally, however, contained more T cells of both phenotypes 
than PP, regardless of immunization status. Peripheral blood 
cells tended to show the greatest increases in the proportion 
of CD4 + T cells after immunization, especially with SBR- 
CTA2/B plus CT, although these numbers must be interpreted 
with caution because of the small numbers of cells obtained. 
Spleen cells showed modest increases in the proportions of 
CD4 + T cells after immunization in all groups. 

Cytokine expression. To elucidate the pattern of expression 
of cytokines, PP, MLN, and spleen cells were taken from mice 
immunized three times with SBR, SBR-CTA2/B, or SBR- 
CTA2/B plus CT 3 days after the last dose, cultured in vitro for 
24 h with or without Agl/II, and examined for the presence of 
mRNAs for IFN-v, IL-2, IL-4, IL-5, IL-6, IL-10, and p-actin by 
RT-PCR. This time interval was chosen because previous ex- 
perience indicated that ex vivo analysis of cytokine production 
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FIG. 2. Proliferative responses of cells from PP, MLN, and spleens of unim- 
munized (control) mice and mice immunized once, twice, or three times with 
SBR, SBR-CTA2/B, or SBR-CTA2/B plus CT adjuvant, cultured in vitro with 
Agl/II. Results shown are mean stimulation indices of three replicate cultures; 
standard deviations ranged from ±0.04 to ±0.95. 
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FIG. 3. Phcnotypic analysis of cells from PP, MLN, peripheral blood, and spleens of unimmunized mice and mice immunized once, twice, or three times with SBR, 
SBR-CTA2/B, or SBR-CTA2/B plus CT adjuvant. Each pie shows the proportions of CD4"\ CD8*\ and CD3~ (non-T) cells as a percentage of total gated mononuclear 
cells determined by flow cytometry, starting with unimmunized mice (center of each pie) and, proceeding outward in concentric rings with mice immunized once, twice, 
or three times. Numbers within the rings are the individual percentages of each phenotype of cells (for clarity, CD8* cell data are shown outside the pies in descending 
order: zero, one, two, and three doses); the value shown for MLN from mice immunized once with SBR (marked as 51?) was not obtained experimentally but was 
inserted for plotting purposes as the average of the values either side of it. Note that the numbers in each ring of a pie do not sum to exactly 100% because of the 
presence of some CD4~ CDS' (double-negative) CD3* T cells and possibly some CD4* CD8 + (double-positive) T cells in each celt preparation. 



was best assessed within a few days after immunization. AH 
cultures generated p-actin PCR products of similar band in- 
tensities. After culture with Agl/II, PP, MLN, and spleen ceils 
from mice immunized with SBR alone revealed mRNAs for 
IFN-7 and IL-2, but only PP and spleen cells also revealed IL-4 
mRNA, whereas IL-5 mRNA was detectable in all cell cultures 
regardless of stimulation (Table 1). PP cells from mice immu- 
nized with SBR-CTA2/B, without or with CT adjuvant, did not 
reveal mRNA for IFN-7 or IL-2, even after culture with Agl/II, 
and MLN ceils from these animals revealed variable IFN-7 and 
IL-2 mRNA responses. However, PP, MLN, and spleen cells 
revealed IL-4 mRNA particularly after stimulation with Agl/II, 
whereas all cultures were positive for IL-5 mRNA. Likewise, 
mRNAs for IL-6 and IL-iO were found in all cell cultures, 
regardless of immunization or in vitro stimulation (data not 
shown). Most notably, immunization with SBR-CTA2/B (with- 
out or with CT) resulted in a decrease of Agl/II-specific Thl 
activity, as revealed by diminished expression of IFN-7 and 



IL-2 mRNAs in PP cells, and increased Th2 activity (IL-4 
mRNA expression) in MLN cells in comparison with immuni- 
zation with SBR alone (Table 1). There was an increase in 
IFN-7 and IL-2 expression (in response to stimulation with 
Agl/II in vitro) in PP. MLN, and spleen cells from mice im- 
munized three times with SBR alone relative to cells from mice 
immunized twice (not shown). Likewise, spleen cells from mice 
immunized three times with SBR-CTA2/B (without or with 
CT) showed increased Agl/II-specific expression of IFN-7, 
IL-2, and IL-4 relative to twice-immunized mice, Cells from 
unimmunized mice did not respond in culture with Agl/II by 
the expression of IFN-7, IL-2, and IL-4 mRNAs above that 
revealed in control cultures, except that spleen cells showed 
weak evidence of IFN-7 expression upon culture with Agl/II. 
Thus, PP and MLN cells from mice immunized with SBR alone 
revealed type 1 (IFN-7 and IL-2) as well as type 2 (IL-4) 
cytokine responses upon stimulation in vitro, whereas cells 
from the same organs of mice immunized with SBR-CTA2/B 
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TABLE 1. Cytokine expression in PP, MLN, and spleen cell cultures of mice immunized with SBR, SBR-CTA2/B, or SBR-CTA2/B plusCT 
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° Mice were immunized three times at 10-day intervals, and organs were collected 3 days after the last immunization. 
b Cells were cultured in vitro for 24 h without (control) or with Agl/II (0.1 u.g/ml). 

c Cytokine mRNA expression detected by RT-PCR and scored according to the presence of an ethidium bromide-stained band of appropriate molecular size. -, no 
detectable band; +, clear band. 



chimeric protein (without or with CT) revealed IL-4 but little 
or no type 1 cytokine response. 

DISCUSSION 

Lymphocytes taken from the PP and MLN of mice immu- 
nized i.g. with SBR or with SBR-CTA2/B without or with CT 
as adjuvant were capable of proliferating in vitro when stimu- 
lated with Agl/II, showing similar overall patterns of T-cell 
responses to the different regimens and stages of immunization 
as the serum and salivary antibody responses. Immunization 
with SBR alone induced the lowest proliferative responses in 
PP and MLN cells, and this was reflected also in the finding 
that there was little change in the proportions of CD4 + and 
CD8 + T cells in these organs. Moreover, the pattern of cyto- 
kine expression in the cells from PP and MLN of these mice 
suggested a mixed type 1 and type 2 helper activity, possibly 
arising from the different types of cells in the culture, or indi- 
cating regulation by ThO cells (8). Coupling SBR to CTB in the 
form of the SBR-CTA2/B chimeric protein enhanced its im- 
munogenicity with respect to T-cell responses in PP and MLN, 
and the addition of CT as an adjuvant further elevated these 
responses. Furthermore, the cytokine expression pattern in PP 
and MLN cells from mice immunized with SBR-CTA2/B (with 
or without CT) indicated that T-cell help was skewed toward 
Th2 activity. In part, these shifts might be explained by the 
enhanced migration of cells from PP to MLN and thence into 
the circulation and effector sites of mucosal immunity, but the 
decrease in Thl cells in PP was not matched by a correspond- 
ing increase in MLN or spleen in this cross-sectional study. The 
finding of IL-5, IL-6, and IL-10 mRNAs in cell cultures re- 
gardless of antigen stimulation in vitro is not readily explained 
in terms of enhanced Th2 cell activity but may indicate consti- 
tutive expression of these cytokines or their continued expres- 
sion ex vivo after immunization. It is also possible that IL-6 and 
IL-10 mRNAs were derived from macrophages present in the 
cell cultures, although these would be largely adherent and 
unlikely to be harvested along with the lymphocytes. 

The proportions of CD4 + T cells in PP increased after each 
additional dose of these immunogen preparations, but a cor- 
responding increase was seen in MLN cells only from mice 
immunized with SBR-CTA2/B chimeric protein and CT adju- 
vant. The finding that these T-cell responses occurred in PP 
and MLN as early as after the first immunization, at least with 
SBR-CTA2/B, showed that antigen-sensitized T cells were elic- 
ited before IgA antibody responses became elevated in the 
effector sites of mucosal immunity such as salivary glands. The 
responses in MLN and PP were different, as significant prolif- 



erative responses and increased proportions of CD4 + cells 
during the course of immunization were developed in MLN 
cells only when CT was used as an adjuvant, and moreover, 
MLN from all mice contained higher proportions of T cells of 
both phenotypes than corresponding PP. The proportion of 
CD8 + cells was higher in MLN than in PP, but as it was not 
reduced by the administration of CT as an adjuvant, it appears 
that the enhanced Agl/II-specific proliferation in MLN cells 
from mice given CT is not due to inhibition of CD8 + suppres- 
sor cells by CT (10). The spleen, a nonmucosal lymphoid or- 
gan, displayed little or no response in terms of antigen-specific 
proliferating T cells, despite the considerable elevation of se- 
rum IgG antibodies especially when SBR-CTA2/B was given 
together with CT adjuvant. This finding is consistent with the 
relatively modest numbers of specific antibody-secreting cells 
found in the spleen after i.g. immunization with Agl/II chem- 
ically conjugated to CTB and given with CT (36, 43). It is 
noteworthy that throughout these experiments, although the 
mice were immunized with SBR or SBR-CTA2/B chimeric 
protein, which represents residues 186 to 577 of Agl/II, both 
antibody and T-cell responses could be detected with intact 
Agl/II. This finding implies that SBR retains sufficient confor- 
mational structure similar to that of the corresponding part of 
the whole Agl/II molecule and that both are processed simi- 
larly by antigen-presenting cells. 

These responses are in accordance with the concept of the 
common mucosal immune system and the dissemination of 
antigen-sensitized T and B cells from the inductive sites such as 
PP through the MLN that drain the lymph flow from the small 
intestine and thence into the circulation prior to relocation in 
the effector sites of mucosal immunity, including the salivary 
glands (27). Thus, i.g. immunization with SBR, especially when 
coupled to CTB in the form of a chimeric protein, leads to the 
appearance of antigen-responsive T cells in both PP and MLN. 
Because few cells were recoverable from blood, it was not 
practically possible to trace the appearance of such cells in the 
circulation, although this has been well documented in humans 
(1, 38), and the transient circulation of specific antibody-se- 
creting cells, predominantly of the IgA isotype, approximately 
1 week after mucosal immunization has been demonstrated in 
human and animal systems (3, 19, 35, 36). Curiously, perhaps, 
it appears that the peak of circulating antigen-specific T cells 
occurs after the peak of circulating antibody-secreting cells (1), 
and in the present experiments, an increased proportion of 
CD4 + T helper cells was found in the peripheral blood of mice 
10 days after the second or third dose of SBR-CTA2/B, espe- 
cially if CT was also given as an adjuvant. Cytokine-secreting T 
cells are known to occur in effector sites of mucosal immunity, 
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such as the intestinal lamina propria and salivary glands (15, 
32). 

CT has been shown to enhance T helper responses in intes- 
tinal tissues, and particularly the response of the Th2 subset 
that is held to promote high levels of serum IgG and mucosal 
IgA antibody responses (17, 25, 29, 39, 44), We have likewise 
found evidence of type 2 cytokine production by antigen-spe- 
cific T cells in nasal passage-associated lymphoid tissue and the 
draining cervical lymph nodes of mice immunized intranasally, 
as well as in PP and MLN of mice immunized i.g., with Agl/II 
conjugated to CTB (41, 42). CT has also been reported to 
deplete selectively CD8 + intraepithelial lymphocytes (10), and 
while the functions and migratory potential of these cells are 
incompletely understood, any such effect within inductive sites 
such as the PP would also serve to elevate the proportion of 
CD4 + T cells. However, in this study, although the proportion 
of CD8 + cells declined slightly in some tissues, this decrease 
appeared to occur concomitantly with an increase in the num- 
ber of CD3 + cells, in particular the CD4 + subset. Whether 
CTB itself can serve as an adjuvant in the absence of intact CT 
has been controversial. Synergism between CTB and CT has 
been demonstrated (23, 37, 40), and most commercially avail- 
able, nonrecombinant preparations of CTB contain small 
amounts of intact CT that may be sufficient to show this effect. 
Working with chemical conjugates of Agl/II and CTB deliv- 
ered i.g., we previously demonstrated that even with nonre- 
combinant CTB, it was necessary for the antigen to be coupled 
to CTB and for intact CT to be coadministered (4, 36). How- 
ever, both this study and our previous reports (11, 13) show 
that the genetically constructed SBR-CTA2/B chimeric pro- 
tein, in which the toxic CTA1 subunit has been deleted, is 
clearly able to induce mucosal and circulating antibodies with- 
out the necessity for additional CT. Although the adjuvant 
activity of CT may be closely linked to its toxicity, which is a 
function the AD P-ribosyl transferase activity of the Al subunit 
(24), recent reports suggest that adjuvanticity of the related E. 
coli heat-labile enterotoxin can be dissociated from toxicity (6, 
7). Fusion proteins of CTB- directly coupled to other aniigenic 
peptides have been constructed, but the conformation of CTB 
and its ability to form G M1 -binding pentamers tend to be 
disrupted by peptides longer than approximately 12 amino acid 
residues (5, 31), and moreover, their mucosal immunogenicity 
seems to be limited in the absence of additional CT. These 
limitations do not apply to SBR-CTA2/B chimeric protein, in 
which a large 42-kDa segment of protein is fused to the CTA2 
subunit, which couples it noncovalently to the CTB pentamer 
to preserve its G M , ganglioside-binding activity. The enhanced 
enteric immunogenicity of SBR-CTA2/B chimeric protein, 
even in the absence of CT, is advantageous for an oral vaccine, 
as recombinant CTB has been shown to be a safe and effective 
immunogen in humans (18). 

We therefore conclude that i.g. immunization with SBR, 
especially when genetically coupled to CTB to enhance both 
mucosal and circulating antibody responses, induces T-cell re- 
sponses in the gut-associated lymphoid tissues such as PP and 
MLN. Furthermore, these T-cell responses occur after one or 
two doses of immunogen, earlier than the antibody responses, 
and include increased proportions of CD4 + T helper cells. The 
responses are enhanced by, but are not dependent on, the 
addition of CT as an adjuvant. 
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he mucosal surfaces of the 
body are constantly exposed to 
a myriad of benign foreign 
antigens that are acquired 
»ugh eating, breathing and touching, 
Simong others. Superficially, environmental 
or food antigens appear to be substantially 
ignored by the healthy immune system, 
which regards them as harmless. Indeed, we 
might actually show measurable immuno- 
logical tolerance to them 1 . Relatively few 
molecules are highly immunogenic when 
they contact mucosa] surfaces, in the sense 
*hat they generate strong humoral and se- 
cretory antibody responses. Such molecules 
*n? often referred to as mucosal immunogens. 

The most powerful mucosal immunogens that are recognized to 
date are cholera toxin (CT) and Escherichia coli heat-labile enterotoxin 
<LT), the molecules that cause the debilitating watery secretions typi- 
cal of cholera and traveller's diarrhoea, respectively". The mucosa] 
immune system somehow recognizes that these toxins are a threat 
«rid, a short time after they make contact with a mucosal surface, a 
^erful immune response is mounted against them. This antitoxin 
>nse is so potent that sometimes a strong and easiiy measurable 
lune response is also activated against foreign bystander 
molecules that are present simultaneously at the mucosal surface 4 . 
.* l As a consequence of this immunopotentiating property, CT and 
XT have been investigated extensively and exploited as mucosa] 



Escherichia coli heat-labile 
enterotoxin and cholera toxin are 
potent mucosal immunogens and 
adjuvants in animal models. Non- 
toxic mutants retaining adjuvant 
activity are useful tools to dissect 
the mechanism of mucosal 
adjuvanticity and promising 
candidates for development of 
human vaccines and 
immunotherapy. Clinical trials are 
expected to proceed in the near 
future. 



immunogens and adjuvants in animal mod- 
els 5 - 6 . However, the high toxicity of CT and 
LT makes them unsuitable for practical 
human use 2 , thus prompting recent efforts to 
dissect the mucosal immunogenicity and ad- 
juvanticity of CT and LT from their toxicity. 
Site-directed mutagenesis, guided by the 
crystal structure of the molecule and cou- 
pled with molecular modelling 7 , has clari- 
fied our understanding of what makes these 
molecules so special in terms of mucosal im- 
munity by disclosing the role of the receptor- 
binding domain, the B subunit, the A sub- 
unit and the enzymatic activity of LT and CT 
(Ref. 8). Critically, the use of highly purified 
recombinant material has also clarified com- 
promised observations made previously with toxin -contaminated 
LT and CT B subunit derivatives (LTB and CTB, respectively) 8 - 10 . 



The relationship between structure and function of LT 
and CT 

CT and LT belong to the AB class of bacteria] toxins 11 . The two mol- 
ecules have high homology (80% identity) in their primary struc- 
ture 12 - 13 and superimposable tertiary structures' 4 . Both toxins are 
composed of a pentameric B oligomer that binds the receptor^) 
on the surface of eukaryotic cells, and an enzymatically active A 
subunit that is responsible for the toxicity (Fig. 1 ). 
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Fig. 1. The sequence of events during cell intoxication. (1) Schematic representation of heat-labile enterotoxin (LT), showing the A and B subumts, their 
structural and functional significant features and the site of proteolytic cleavage of the loop between the A x and A 2 domains. (2) LT binds the receptor 
located on the plasma membrane ofeukaryotic cells. (3) IT is internalized into vesicles. (4) The vesicles are transported to the Golgi apparatus where the 
holotoxin is disassembled, (5) The A subunit is transported from the Golgi to the endoplasmic reticulum (ER), the A or the Aj submit is translocated from 
the ER to the cytosol, where it can interact with the soluble ADP-ribosylation factor (ARF). (6) The activated A, migrates to the plasma membrane what 
the substrate G, is heated. The ADP-rwosylation of the a subunit of G $ induces permanent activation of adenylate cyclase and intracellular accun 

nfrAMP 4KWrrtV7fiVwc- AAr arfmtfnt* r*tA<*i** rAMP r^srlir'AhJP tA* 



The B oligomer 

The B oligomer is a pentameric molecule of 55 kDa, containing five 
identical polypeptide monomers. The structure is compact, trypsin- 
resistant and requires boiling in the presence of sodium dodecyl sul- 
phate to be dissociated. Hie five subunits are arranged in a cylinder- 
like structure, with a central cavity that exposes, on one side, five 
metrical cavities that are responsible for binding to the eukary- 
f cell receptor 14 (Fig. 1). The receptor binding site is specific for a 
variety of galactose-containing molecules and shows a different fine 
specificity between LT and CT. CT binds mostly to the ganglioside 
GM1, which is believed to be the major toxin receptor 15 , whereas LT 
binds not only GM1 (Ret. 16) but also other glycosphingolipids 17 , 
glycoprotein receptors present in the intestine of rabbits and hu- 
mans 18 - 19 , polyglycosilceramides (PCGs) 20 and paragloboside 17 . Fur- 
thermore, the two variants of LT, human LT (hLT) and porcine LT 
(pLT), which differ by only four amino acids 21 , are identical in their 
binding to glycoproteins and PCGs, but different in binding to para- 
globoside; pLT but not hLT binds paragloboside 20 . The different re- 
ceptor binding activities of the LT and CT might be significant for the 
qualitatively different immunological properties that are exhibited 
by the two molecules, as will be discussed later. 

Overall, two properties are associated with the B oligomer: (1) the 
ability to bind the receptor; and (2) to induce apoptosis of CD8* cells 
and, to a lesser extent. CD4" T cells (Fig. 1). 



The A suburitt 

The A subunit is composed of a globular structure linked to the B 
oligomer by a trypsin-sensitive loop and a long a helix, the C -termi- 
nus of which enters into the central cavity of the B oligomer, thus 
oring the A subunit to the B pentamer 14 . Following protease 
vage of the loop, the A subunit is divided into the globular 
(enzymatically active) A 1 and the C-terminal A 2 fragments that 
remain linked by a disulphide bridge between the A 1 -Cysl87 and 
the A 2 -Cysl99 (see Fig. 1). Proteolytic cleavage of the loop and 



reduction of the disulphide bridge are both necessary for activation 
of the enzyme 22 ; This loop is uncleaved when the molecules are pro- 
duced in £. coli, however it is cleaved by a specific protease when 
molecules are produced in Vibrio cholerae 23 . The A, subunit contains 
an ADP-ribosylating enzymatically active pocket that binds nicotin- 
amide adenine dinucleotide (NAD) and transfers the ADP-ribose 
group to the a subunit of several GTP-binding proteins that are in- 
volved in signal transduction. The consequences of trans ferral to G„ 
the GTP-binding protein that regulates the activity of adenylate 
cyclase, are the best studied 1U4 - 25 . G s ADP-ribosylation causes per- 
manent activation of adenylate cyclase and abnormal intracellular 
accumulation of cAMP (Ref. 26; Fig. 1). 

A peculiar feature of CT and LT is that the basal ADP-ribosyl- 
transf erase activity is enhanced by interaction with 20-kDa GTP- i 
binding proteins, known as ADP-ribosylation factors (ARFs). ARFs j 
play a crucial role in vesicular membrane trafficking in both endo- j 
cytic and exocytic pathways, and contribute to the maintenance j 
of organelle integrity and assembly of coat proteins in eukaryotic ■ 
cells 27 . Overall, the A, fragment can be seen as having at least 
two independent functions: enzymatic activity and ARF binding 
(Fig. 1). 



The toxic sequence 

The sequence of events that takes place during intoxication of eu- 
karyotic cells 28 " 30 can be summarized as follows (see Fig. 1). The 
toxin binds the receptor and is internalized into vesicles that trans- 
port it to the Golgi compartment. Subsequently, the A and B sub- 
units are dissociated, and the A subunit is transported from the 
Golgi to the endoplasmic reticulum (ER), whereas the B subunit per- 
sists in the Golgi and is later degraded. The A] subunit is then 
translocated from the ER to the cytosol, where it can interact with the 
soluble ARF and be activated. Finally, the A, subunit ADP-ribosyl- 
ates the a subunit of G,, and possibly other G proteins located on the 
plasma membrane. 
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Fig. 2. Three-dimensional structure of the A subunits of (a) wild-type heat- 
labile enterotoxin (LT) and (h) LTK63 represented as a-carbon trace and 
as solvent-exposed surfaces. The a helix and the p strand that farm the 
nicotinamide adenine dinucleotide (NAD)-binding site are highlighted 
in red; the residues at position 63 [serine in the wild-type LT (a) and lysine 
in the LTK63 mutant (b)] are shown in yellow. The large, charged side<hain 
of the lysine in position 63 fills the NAD-binding cavity, thus obstructing it. 

Mutant toxin production and evaluation 

To study the structure-function of CT and LT as well as to define 
molecules that are non-toxic but still active as mucosal adjuvants 
and imm Imogens, more than 50 different site-directed mutants have 
been produced*" 10 - 31 " 39 . The best characterized and most relevant are 
described below (see Table 1). 



Mutants of the B subunit 

Independently expressed B subunits were the first non-toxic deriva- 
tives of CT and LT to be produced. An oral vaccine against cholera, 
which contains recombinant CTB as a component, has been devel- 
oped and thoroughly evaluated in animals and humans 40 . In this 
vaccine, CTB seems to act only as an immunogen and not as an ad- 
juvant. Initial rommercial preparations of CTB, in which the B sub- 
unit was purified from the active toxin, were associated with adju- 
vant activity; however, much of this activity was derived from 
corttamirLation with active CT (Refs 41, 42). LTB seems k> have a 
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A mutant in LTB, defective in receptor binding (LTB / D33, con- 
taining a glycine to aspartic acid substitution at position 33), is non- 
immunogenic at mucosal surfaces, suggesting that an intact receptor 
binding site is necessary both for binding and immunogenicity 44 . 
Whether LT mutants that are defective in receptor binding, with 
and without enzymatic activity, are still active as adjuvants is con- 
troversial 37 * 5 . Non-binding LTB mutants also lose other immune- 
modulating activities, including their ability to induce apoptosis of 
CD4* and CD8^ cells 44 - 46 . 

Mutants that are deficient in enzymatic activity 
Holotoxoids, which are complete knockouts of enzymatic activity, 
have no toxicity in vitro or in vivo. This class of mutants includes 
LTK63 and CTK63, which contain a serine 63 to lysine substitution in 
the A subunit. They are assembled efficiently, stable on storage 32-34 * 47 
and have functional receptor and ARF-binding domains 48 . The X-ray 
structure of LTK63 is identical to the wild-type LT across the entire 
molecule, with the exception of the active site where (as shown in 
Fig. 2) the bulky side chain of lysine 63 fills the catalytic cavity, thus 
making it unsuitable for enzymatic activity 49 . LTK63 is an excellent 
mucosal adjuvant, although the activity is reproducibly reduced in 
comparison with LT (Refs 8, 10, 50-53; Table 1; Fig. 3a), whereas 
CTK63 is a poor adjuvant 10 (Table 1; Fig. 3a). This adjuvant activity 
has been demonstrated using a wide range of antigens, including 
model antigens such as ovalbumin and protective antigens from bac- 
terial and viral pathogens. Interestingly, LTK63 is consistently a bet- 
ter immunogen than LTB (Refs 8, 33, 39), suggesting an important 
role for the enzymatically inactive A subunit in the induction of an 
immune response. This is a property that might reflect not only the 
larger number of B- and T-cell epitopes provided by the A subunit 
but also its ability to influence intracellular events, such as antigen 
processing and presentation. In addition, the poor adjuvanticity of 
CTK63 has been associated with poor immunogenicity 10 - Differences 
between the adjuvant activity of LTK63 and CTK63 might reflect the 
effect of the different receptor binding affinities of these proteins. 
Other CT holotoxoid mutants that are described in the literature as 
mucosal adjuvants include CTF61 and CTK112 (containing serine 61 
to phenylalanine and a glutamic acid 112 to lysine substitutions, re- 
spectively). However, it is important to point out that in those ex- 
periments, the amount of CT mutants used was ten times higher 
than that of wild-type CT (Ref. 38). These controversial results will 
be discussed later. 

A further class of mutant molecules contains LTR72 (with an ala- 
nine to arginine substitution in position 72 of the A subunit) and 
CTS106 (with a proline to serine substitution in position 106 of the A 
subunit). These mutants have approximately 1% of the wild-type 
ADP-ribosylating activity, in vitro toxicity in Yl cells reduced by a 
factor of lOC-lO 5 and approximately 1% toxicity in xrivo (Fig. 3b). Both 
LTR72 and CTS106 are excellent mucosal adjuvants, being as effec- 
tive as LT and CT, respectively* 10 (Table 1; Fig. 3a). These two mutant 
holotoxoids might have their toxicity reduced sufficiently for safe 
use in humans, although still inamtaining a little enzymatic activity, 



fits in the prateasesenshive bop 
utanis in this region were constructed to 
the loop insensitive to proteases and 
hence eliminate the susceptibility of the 
toon to the cleavage required for activation 
of the enzymatic activity and toxicity. 
The best characterized mutant is LTG192, 
Jn which arginine 192 is replaced by a 
one 35 - 5435 . In vitro, the mutant is com- 
pletely trypsin-resistant; however, in vivo, 
proteases other than trypsin can cleave the 
loop and activate the toxin, as toxicity is de- 
tectable. The toxicity observed in Yl cells is 
approximately 10 3 times lower than the 
wild -type toxin during the first 8 h of incu- 
bation, becoming only 5-10 times lower than 
wild-type following longer incubation 54 . In 
practice, this molecule takes longer to be ac- 
tivated but delivers approximately the same 
total enzymatic activity as wild-type. The 
difference is that the delivery of the active 
toxin is diluted over a longer period of time. 
in vivo, in the rabbit ileal loop, very little dif- 
ference in toxicity is observed between 
192 and wild-type LT (Ret 56; Fig. 3b). 
ing human trials are expected to estab- 
the safety profile of this molecule 56 . 
1.TG192 is indistinguishable from wild-type 
toxin both in terms of immunogenicity and 
adjuvanticity (Table 1; Fig. 3a). 
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Recombinant A subunit 
An alternative approach to separate the ad- 
juvant activity of LT and CT from toxicity 
has been the use of the A subunit alone. The 
A subunit of CT has been expressed as a 
fusion protein with a B-cell targeting moiety 
and the two Ig-binding domains (DD) of staphylococcal protein A, 
and hence called CTA1-DD fusion protein. This molecule retains the 
adjuvant activity of CT by directing the enzymatic activity of the A 
subunit to B cells and possibly other antigen-presenting cells 57 . En- 
zymatically inactive CTA1-DD derivatives fail to induce an adjuvant 
response following systemic immunization showing that the adju- 
vant effect of CTA1-DD depends on the enzymatic activity 58 . How- 
ever, whether the enzymatic activity of these fusions is also essentia! 
for mucosal adjuvanticiry has not yet been investigated. 

In other experiments, both the His-tagged form of LTA, and the 
His-tagged form of the enzymatically inactive derivative LTA-K112 
TA(His) 10 and LTA-K112 (His) ia , respectively] have been reported 
retain the mucosal adjuvant properties of the wild-type toxin, sug- 
gesting that in this case the adjuvant effect is independent from 
ADP-ribosylation 37 . The mechanism by which a His-tagged A sub- 
tinit can be internalized in the absence of a receptor binding domain 



Fig. 3. (a) Immunoglobulin (lg) immune response to bystander antigens in sera of mice immunized 
intranasally with wild-type (wt) cholera toxin (CT) and heat-labile enterotoxin (LT) and their geneti- 
cally detoxified derivatives as adjuvants. Results are shown as mean titres of antigen-specific anti- 
bodies, (b) In vivo toxicity in the rabbit ileal loop assay. Toxicity is expressed as the fluid accumulation 
(ratio of the amount of fluid collected in each loop to the length of the loop) induced by different 
amounts ofLT and its genetically detoxified derivatives. 



is unclear. It is possible that the polycationic histidine peptide tail 
could provide a non-specific cell binding activity 59 . 



Non-toxic mutants oct also as oral adjuvants 

Most of the results so far described were obtained in mice by using 
the intranasal route for immunization. This route is very convenient 
because immunogenicity and adjuvanticity can be induced by using 
as little as a fraction of a microgram of antigen and adjuvant. 
Whether the conclusions so far reached are valid also for the oral 
route remains unresolved in the literature. Oral immunization usu- 
ally requires large amounts of antigen (100-5000 n,g) and adjuvant 
(at least 50 u.g), and therefore most experiments are technically com- 
promised by the potential involuntary intranasal contamination 
with small fractions of the vaccine during oral immunization. A sec- 
ond factor especially critical for oral adjuvanticity is the structural 
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The polarization of the immune response seems to be affected not 
only by the different adjuvant molecules used, but also by the route 
of immunization 64 . 
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Fig- 4. The results of a dose-response experiment that show the relative con- 
tribution of the B subunit, the non-toxic AB complex and the enzymatic 
activity to adjuvanticity. 

stability and protease sensitivity of both the mutants and the by- 
stander antigen. This can influence the in vivo persistence of the 
holotoxin structure and therefore its activity. Recent studies taking 
into account the above technical problems, have come to the conclu- 
sion that LT, LTG192 and the non-toxic LT derivative LTK63, act 
as oral adjuvants to varying degrees. The B subunit alone is less 
successful as an adjuvant via this route 60 . 



Effects on the immune system 
The literature describing the behaviour of LT and CT on the mucosal 
immune system is extensive and in many places contradictory. CT- 
mediated adjuvanticity appears to be accompanied by a preferential 
activation of T helper 2 (Th2)-type CD4^ cell populations. This 
comes from the observation that mucosal immunization with anti- 
gens plus CT induces increased production of inter leukins (IL) 4, 5 
and 10, the predominant production of immunoglobulin Gl (IgGl) 
isotype and induction of antigen-specific IgE (Ref . 6). More recently 
this polarization of the immune response towards a Th2 functional 
phenotype has been shown to be caused by the ability of CT to in- 
hibit both the production of IL-12 p70 and the expression of the pi 
and P2 chains of the IL-12 receptor. This might lead to the functional 
suppression of Thl cell differentiation and to polarization towards a 
Th2-type response 61 . The ability of CT to polarize the immune re- 
sponse towards Th2 and to induce a selective upregulation of the 
B7-2 expression 62 is also maintained by enzymatically inactive 
mutants such as CTK112 (Ref. 63). 

This polarization in the T-cell response is much less pronounced 
when LT is used as a mucosal adjuvant with both Thl and TK2 cells 
being activated 5 . In addition, recent studies suggest that LT mutants 
with one single amino acid substitution in the A subunit have dif- 
ferent behaviours in the activation of the CD4 + cell subpopulation. 
In these studies, the fully non-toxic LTK63 mutant promoted T-cell 
responses with a mixed Thl-Th2 profile, whereas the LTR72 mutant 
which retained residual enzymatic activity induced a more polar- 



Conclusions 

Binding to mucosal receptors is a danger signal 
Receptor binding is necessary for LT and CT to induce a mucosal im- 
mune response. This suggests that receptor binding is sufficient to 
differentiate LT and CT from the thousands of other molecules that . 
associate with the mucosal surfaces without inducing a similar re- 
sponse. This observation is likely to be generally applicable to every 
molecule. 

Mucosal surfaces provide a physical barrier between the external 
environment and the body and the substances that come into con- 
tact with the mucosae usually do not closely interact with them. Ex- 
ceptions are the small molecules that interact with the receptors for 
odours and taste and the small-molecular-weight peptides that are 
taken up in the gut following digestion of the proteins present in the 
food. Therefore, it makes sense for the body to mount a vigorous im- 
mune response against every molecule that actively binds to mu- 
cosal surfaces. In fact, this might be a signal that a molecule is trying 
to behave abnormally and therefore is potentially dangerous. Sev- ; 
eral reports that describe the mucosal immunogenicity of proteins 
that bind to mucosal receptors support the above conclusion. How- 
ever, binding to the mucin layer of the gut rather than receptors on 
cells might not be sufficient to induce an immune response. Hence, 
some molecules with binding activity might not actually reach 
immune inductive sites or might be presented inappropriately 
resulting in them being treated as environmental. 

The surprising finding that some enzymatically inactive mutants 
are good mucosal adjuvants, whereas other mutants are not, can be 
explained by several factors: (1) their stability in vivo; (2) the effi- 
ciency of the ER targeting retention sequence (KDEL for CT and 
RDEL for LT) 65 ' 66 ; and (3) the different specificity of the receptor- 
binding site. The differential binding of LT and CT to different re- 
ceptors might target the two molecules to different cell populations, 
thus changing their adjuvant effect. Because the receptors might be 
present in different tissues and in different animal species, we 
should consider the data reported here as relating only to intranasal 
delivery in the mouse. Therefore, it should not be too surprising if 
future studies will show CT mutants to be better adjuvants than LT 
mutants in different animal species or if delivered by different 
routes. 



The non-toxic AB complex and enzymatic activity in adjuvantidiy 
The availability of molecularly defined mutants has enabled the rela- 
tive contributions of the B subunit the non-toxic AB complex and 
the enzymatic activity to adjuvanticity to be studied. A dose 
response curve comparing LTK63, LTR72, wild-type LT and LTB as 
adjuvants showed that the B subunit is a poor adjuvant at all doses 
(although some adjuvanticity is present at very high doses X whereas 
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!that is dose-dependent (Fig. 4). By contrast the enzymatic activity 
^■kyides a dose-independent adjuvant effect above a certain thresh- 
HH>f activity. This threshold is reached at!5ng with LT and at 
approximately 1 u,g with LTR7L 

The adjuvant activity of the non-toxic AB complex might derive 
from properties of the A subunit, such as the binding to ARF factors 
r the ability to interact with the vesicular transport system. This 
could allow antigens present in LT-containing endosomes to reach 
the Golgi and the ER, thus facilitating their interaction with antigen- 
presenting systems. The marked dose dependence of the adjuvant 
activity of enzymatically inactive derivatives of LT and CT is enough 
to explain most of the controversial results present in the literature. 
Adjuvanticity can be demonstrated for virtually every molecule by 
increasing the dose used. To make sure that the best mutants are fi- 
nally selected for human use and that scientifically sound conclusions 
are reached, similar doses should be compared in future studies. 
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! Eotaxin: from an eosinophilic chemokine to 
! a major regulator of allergic reactions 
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he elegant identification of eo- 
taxin, a peptide with eosinophil 
chemotactic activities 1 * 2 opened 
the door to our understanding 
of the molecular basis for the highly selec- 
tive eosinophil accumulation seen during al- 
lergic reactions. The molecular cloning of the 
gene encoding eotaxin 3 " 5 , and the subse- 
quent study of its sequence revealed that it 
belonged to a family of peptide chemoattrac- 
tants termed chemokines. The chemokines are 
peptide ligands for the seven-transmembrane 
G- protein-coupled receptors expressed on 

leukocytes, which elicit changes in adhesiveness, cell motility and 
chemotaxis 6 . Based on function and sequence homologies, it was 
evident that eotaxin belonged to the CC subfamily of chemokines^ 5 . 

which includes monocyte chemo- 



Eotaxin has a variety of effects on 
several cell types that are involved 
in the allergic inflammatory 
response. Here, Jose Carlos 
Gutierrez-Ramos and colleagues 
review the chemotactic effects of 
eotaxin on eosinophils and T helper 
type 2 cells, its differentiation and 
migration effects on mast cells and 

its actions on progenitors and 
mature cells in the bone marrow. 



(MIPs) among others, acts predorninandy on 
monocytes, lymphocytes and non- neutrophil 
granulocytes (reviewed in Ref. 6). 

The protein product of the eotaxin gene 
was shown to be a very potent and effi- 
cacious chemoattractant for eosinophils in 
vivo and in vitro^ 5 . It is present and its syn- 
thesis regulated during allergic reactions 
and other pathological processes in which 
eosinophils are thought to play a role-' -11 . 
These clues were expeditiously followed 
by several groups, whose efforts resulted in 
the cloning of the gene encoding the eotaxin 
receptor, CCR3 (Refs 12, 13). 

The identification of a chemotactic factor for eosinophils and its 
receptor was only the beginning of a series of findings that raised 
eotaxin to a unique position among the players in allergic uiflarrunatkxi 
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Abstract 

^^ertain bacterial molecules potentiate immune responses to parenterally administered antigens. One such molecule that has 
■F n ^tensely investigated is cholera toxin, a type I heat-labile enterotoxin produced by the Gram-negative bacterium Vibrio 
Choierae. Immunization with a mixture of a foreign antigen and cholera toxin enhances' the immune response to the antigen. 
Similar adjuvant activity is associated with LT-I, a closely related type 1 heat-labile enterotoxin produced by Escherichia coli. The 
adjuvant activities of LT-IIa, a member of the type II heat-labile enterotoxins produced by E. coli, have not been described. 
LT-IIa and CT differ significantly in amino acid sequence of the B polypeptides and in receptor binding affinity. In this study, 
rats were subcutaneously immunized with fimbrillin, a protein isolated from the bacterium Porphyromonas gingivals, and with 
fimbrillin in combination with LT-IIa, the prototypical type II enterotoxin. Previous studies documented that fimbrillin 
administered alone is a poor immunogen. Animals immunized with the mixture of fimbrillin and LT-IIa produced high titers of 
specific IgG antibody directed against fimbrillin. Anti-fimbrillin antibody titers in sera from animals receiving the combination of 
LT-IIa -f fimbrillin were comparable to those obtained from sera of animals immunized with cholera toxin -f fimbrillin. The results 
of these experiments demonstrate that LT-IIa exhibits an adjuvant activity that is equal to that of cholera toxin. Recombinant 
methods have been established for producing large amounts of LT-IIa, an advantage that will likely provide an economic impetus 
to consider incorporating the enterotoxin as an immunostimulatory agent in future vaccines. ©1998 Elsevier Science B.V. All 
rights reserved. 

Keywords: Adjuvant; Enterotoxin; Fimbrillin; LT-IIa 



The heat-labile enterotoxins produced by Escherichia 
coli and Vibrio choierae belong to a family of proteins 
that are related in structure and function [1]. Members 
of this family include cholera toxin (CT) expressed by 
V. choierae and the enterotoxins LT-I and LT-IIa, 
expressed by enterotoxigenic strains of Escherichia coli 
[2]. All members of the family are oligomeric proteins, 
iposed of a single A subunit that is non-covalently 
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bound to a pentameric array of B polypeptides [2]. 
Treatment of holotoxin with trypsin cleaves the A 
polypeptide into two fragments joined by a disulfide 
bond [3]. The Al fragment is a potent ADP-ribosyl 
transferase that is responsible for the enterotoxigenic 
effects, while the A2 fragment derived from the C-ter- 
minal end of the A polypeptide non-covalently binds 
the A subunit to the B pentamer. The B pentamer 
mediates binding of the enterotoxin to gangliosides [4], 
a heterogeneous family of sugar-containing lipids on 
the surface of mammalian cells [5]. Each enterotoxin 



0 165-2478 '98 '$1 9.00 C 1998 Elsevier Science B.V. All rights reserved. 
PII S0l65O478(98)00038-8 



c 



118 



.C. 



T.D. Cornell et al. / Immunology Letters 62 UJ98) 117-120 



has a unique ganglioside-binding specificity [4], CT 
binds to ganglioside GMl (GMl), whereas LT-I binds 
to GMl and several glycoproteins [6]. LT-IIa binds 
with strong affinity to ganglioside GDlb (GDIb), and 
with less affinity to gangliosides GDla, GMl, GTlb, 
GQlb, and GD2 [4]. The property to recognize differ- 
ent receptors likely enables the enterotoxins to bind to 
the surface of different cells or tissues [7]. 

CT, LT-I and LT-IIa have been purified and the 
operons encoding the A and B subunit genes have been 
cloned and sequenced (reviewed in [2]). Comparisons of 
the predicted amino acid sequences show that the A 
polypeptides of CT, LT-I, and LT-IIa are similar (at 
least 50% identity) [2]. In contrast, the B polypeptides 
of CT and LT-I, while highly homologous to each other 
(at least 80% identity), have little or no homology to 
the B polypeptides of LT-IIa (less than 14% identity). 
The differences in amino acid sequences are sufficient to 
produce antigenic heterogeneity between the members 
of the family. Antisera against CT and LT-I will not 
react with LT-IIa, and vice versa [2]. Based on differ- 
ences in immunoreactivity, the family of heat-labile 
enterotoxins was divided into two classes, the type I 
and type II enterotoxins. Type I enterotoxins include 
CT and LT-I, while LT-IIa, and a related enterotoxin, 
LT-Hb, comprise the type II class of heat-labile 
enterotoxins. 

CT is a highly immunogenic protein that stimulates 
potent secretory and systemic immune responses [8,9] 
and is known to have adjuvant activity. Both secretory 
and humoral immune responses to foreign antigena are 
enhanced when an animal is immunized with a mixture 
of antigen and CT [10]. Whereas adjuvant activity is 
most pronounced when CT holotoxin is employed, it 
has been demonstrated that immunization with the 
non-toxic B pentamer also elicits an enhanced immune 
response to foreign antigens [10,11]. These studies sug- 
gest that the immunomodulatory properties of CT are 
associated, in part, with GMl -binding activity. 

While the adjuvant activity of CT has been estab- 
lished, the potential of the type II heat-labile entero- 
toxin LT-IIa for enhancing immune responses has not 
been investigated. We hypothesized that with its bind- 
ing affinity for a variety of gangliosides, LT-IIa may 
bind to and stimulate cells of the immune system that 
are not bound or stimulated by CT or may bind to the 
same cells in larger quantities. In either case, we pre- 
dicted that the adjuvant activity of LT-IIa, if present, 
would be equal or greater than that of CT. 

To determine if LT-IIa has adjuvant activity and to 
compare that potential adjuvant activity with that of 
CT, conventional Sprague-Dawley rats were immu- 
nized with fimbrillin in the presence or absence of 
purified CT or LT-IIa (a gift from Dr ILK. Holmes). 
Fimbrillin is the major, polypeptide comprising the 
fimbria! structure of^e Gram-negative oral pathogen 



Porphyromonas gingivalis [12]. Parenteral immunization 
with fimbriae elicits only a weak anti-fimbrillin anti- 
body response in the rat model [13]" For these experi- 
ments, five groups of rats (n = 4-8 rats per group) were 
immunized with purified fimbrillin [13], CT, LT-IIa, 
CT + fimbrillin, or LT-IIa + fimbrillin. Rats (n = 6) 
that received sham immunizations of buffer without 
enterotoxin or fimbrillin served as a control group.- 
Solutions used for immunizations contained entero- 
toxin and fimbrillin at concentrations of 10 /ig/ml and 
100 //g/ml, respectively. One hundred microlitres of the 
immunizing solutions were administered subcuta- 
neously at each of two sites. The amounts of entero- 
toxin (2 fig) and antigen (20 /ig) used were comparable 
to amounts of antigen used in similar immunization 
studies [7,13]. Phosphate-buffered saline (PBS) was 
used as the diluent in all cases. Rats were immunized at 
day 0 and at day 28 with enterotoxin, fimbrillin, or 
enterotoxin 4- fimbrillin, as appropriate. Forty-two days 
after the primary immunization, animals that were im- 
munized with fimbrillin, CT 4- fimbrillin, and LT-IIa + 
fimbrillin received a second booster immunization of 
fimbrillin. The remaining groups (CT, LT-IIa, and the 
control group) received sham immunizations of PBS at 
day 42. A blood sample was collected from the lateral 
tail vein of each rat prior to the initial immunization 
(day 0) and at days 14, 28, 42 and 49. Serum was 
separated from the clotted blood by centrifugation. 

Particle concentration fluorescence immunoassay 
(PCFIA) was used to measure the amount of anti- 
fimbrillin antibodies in serum samples [14]. In brief, 
purified fimbrillin was covalently bound to carboxy- 
lated polystyrene beads (IDEXX, Westbrook, ME) us- 
ing I -ethyl-3-(3-dimethylamino propyl) carbodiimide 
(Sigma, St. Louis, MO). Titration studies were used to 
determine the amount of fimbrillin that was required in 
the binding reaction to saturate the surface of the beads 
with the antigen (data not shown). Fimbrillin-coated 
beads were incubated with a 1:100 dilution of serum, 
washed with PBS to remove unbound antibody, and 
incubated with a 1:35 dilution of fluorescein isothiocy- 
nate (FITC)-labeled affinity purified goat anti-rat IgG 
immunoglobulin (Kirkegaard and Perry, Gaithersburg, 
MD). After extensive washing to remove unbound 
FITC-labeled antibodies, fluorescence of the treated 
beads was measured at 485/535 nm in an automated 
fluorimeter (IDEXX, Westbrook, ME). Anti-fimbrillin 
antibody titers in the sera were expressed as relative 
units of fluorescence (RFU). Previous studies demon- 
strated that the level of fluorescence detected by PCFIA 
is directly correlated with the amount of antibody 
bound to the antigen-sensitized beads [13]. The tectn 
nique is highly quantitative {13]; The amount of afltn? 
bodies in the serum samples directed against LT?|& 
and CT was measured by anjenzymehi^ 
sorbent assay (GDlb-ELISA) [ 15]. Rat-hyperiiniM 
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As expected, rats immunized with CT + fimbrillin 
showed a much stronger response to the fimbrial anti- 
gen than did rats immunized with fimbrillin alone (P < 
0.001) (Fig. 1). By day 42, the anti-fimbrillin response 
elicited by immunization with fimbrillin was meager 
(4072 ±559 RFU) (data are reported as the mean 
RFU ± one standard error of the mean). Rats immu- 
nized with CT + fimbrillin responded strongly on day 
42 and produced high titers of anti-fimbrillin antibody 
(13372 ± 1539 RFU). Seven days after a booster immu- 
nization with fimbrillin (day 49), the immune response 
to the antigen was enhanced further in the CT-h 
fimbrillin group (35698 ± 2757 RFU). Animals boosted 
with fimbrillin alone showed a small enhancement in 
specific antibody responses (13782 ±2743 RFU), but 
the enhancement was not as dramatic as with the 
animals that had been previously immunized with 
fimbrillin + CT or fimbrillin + LT-II. 

Analysis of the sera from rats immunized with 
fimbrillin and LT-IIa + fimbrillin demonstrated that 
LT-IIa has potent adjuvant activity (Fig. 1). By day 42, 
ts immunized with LT-IIa + fimbrillin developed a 
ignificantly higher titer of anti-fimbrillin antibody than 
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Fig. 1. Immunoblot analysis of the enterotoxin -enhanced immune 
response to fimbrillin. Purified fimbrillin was immunoblotted with a 
1:50 dilution of antisera collected on day 49 from rats immunized 
with: 1. CT; 2, CT + fimbrillin; 3. LT-IIa: 4, LT-IIa + fimbrillin; 5, 
fimbrillin; and 6, PBS (sham immunization). In each case, the anti- 
serum for the immunoblot was obtained from a rat in the relevant 
xoup that had a specific antibody titer that most closely approxi- 
lated the mean antibody titer of the group, as determined by 
PCF1A. Immunoblots were developed using goat anti-rat lgG 
(BioDesign. Kennebunk, MA) and 4-chloro-Knapthol (Biorad. Rich- 
mond. CA). 




Day 0 Day 14 Day 28 Day 42 

Fig. 2. Enhanced IgG-specific immune response to fimbrillin after 
co-immunization with CT or LT-IIa. Rats were immunized with 
fimbrillin, LT-IIa, CT, fimbrillin + CT, and fimbrillin + LT-IIa. Sym- 
bols for each group are noted in the box. IgG antibody titers in the 
sera collected on days 0, 14, 28, 42 and 49 were measured by PCF1A. 
Time points at which immunizations were given are denoted by 
arrows: 1, initial immunization; 2. second immunization; 3. booster 
immunization using purified fimbrillin (given only to groups previ- 
ously immunized with fimbrillin, fimbrillin + CT, or fimbrillin + LT- 
Ila). RFU — relative fluorescence units. Bars indicate one standard 
error of the mean. 

did rats immunized with fimbrillin without the entero- 
toxin (8644 ± 1242 RFU vs 4072 ±559 RFU, respec- 
tively; P< 0.001) (Fig. 1). By day 49 after booster 
immunizations, the differences between the two groups 
increased (31 226 ± 2969 vs 13782 ± 2743 RFU, respec- 
tively; P< 0.001). Comparisons of the levels of anti- 
bodies produced by rats immunized with 
CT -f fimbrillin to the levels of antibodies produced by 
rats immunized with LT-IIa 4- fimbrillin showed that 
the two groups of rats had equal anti-fimbrillin anti- 
body titers (/> = 0.31). 

To confirm that the immunoreactivity in the serum 
samples detected by PCFIA was directed against 
fimbrillin, pooled sera from each group were diluted 
1:50 and analyzed by Western blotting (Fig. 1). Sera 
collected on day 49 from rats immunized with 
fimbrillin -h CT and with fimbrillin + LT-IIa showed a 
strong response to purified fimbrillin. Although sera 
from rats immunized with fimbrillin without entero- 
toxin had detectible immunoreactivity by PCFIA, the 
amount of anti-fimbrillin antibody in a 1:50 dilution 
was below the level of detection of the immunoblot 
(Fig. 2). The rats in all groups immunized with entero- 
toxins produced high levels of anti-enterotoxin antibod- 
ies. Sera collected from animals in the CT and the 
CT + fimbrillin group had high titers of CT-specific 
antibodies and sera from animals in the LT-IIa and 
LT-IIa -f fimbrillin groups had high titers of anti-LT- 
Ila antibodies (data not shown). 

The data demonstrate that LT-IIa and CT are 
equally potent adjuvants in this rat model. Affinity for 
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GM1 has been proposed as an essential factor in the 
ability of CT to potentiate an immune response to a 
foreign antigen [11]. Although LT-IIa binds to GM1, 
GM1 is not the preferred receptor [4]. It is not clear 
whether the adjuvant activity of LT-IIa is a result of 
low affinity binding of the enterotoxin to GM1 or to 
high affinity binding of the enterotoxin to alternative 
gangliosides on host cells or tissues involved in immune 
responsiveness. Mutant LT-IIa enterotoxins with al- 
tered ganglioside-binding specificities and mutant LT- 
IIa enterotoxins with no detectible ganglioside-binding 
activities have been reported [15]. It will be interesting 
to employ these mutant toxins in experiments similar to 
those reported here to determine in a direct manner the 
importance of ganglioside-binding in induction of adju- 
vant activity. 

This report establishes that LT-IIa is a potent im- 
munostimulatory molecule. Further studies of LT-IIa 
must be done to define the factors that are most 
important in potentiating immune responses. The abil- 
ity to produce very large amounts of LT-IIa using 
established recombinant methods [15] should provide 
an economic impetus for the use of the enterotoxin in 
the development and production of future vaccines. 
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Recognition of a hepatitis B virus 
nucleocapsid T-cell epitope expressed 
as a fusion protein with the subunit B 
of Escherichia coli heat labile 
enterotoxin in attenuated salmonellae 

Florian Schddel* § , Georg Enders f , Maria-Christina Jung* 
and Hans Will* 

Two overlapping T-cell sites of the nucleocapsid antigen (HBc) of Hepatitis B Virus (HBV) 
(amino acids (aa) 120-140) and a B-cell epitope of the pre*S(2) region of the HBV surface 
antigen (aa 133-140) were expressed as a fusion protein with the subunit B of Escherichia coli 
heat labile enterotoxin (LT-B) in attenuated salmonellae (nroA Salmonella doblin SL143S). When 
Balbfc (haplotype H-2r) mice were fed salmonellae expressing LT-B or the LT-Bf HBV fusion 
protein they developed serum lgG anti-L T-B antibodies and splenic cells reactive to L T-B. C57BL jlO 
( H-2T), in contrast, showed anti-LT-B antibody titres 9 but no splenic cell priming to LT-B. Neither 
in Balbfc nor in C57BL/10 mice could an antibody response to the fused HBV antibody binding 
site be demonstrated. In C57BL/10, however, an HBc T-cell epitope fused to L T-B primed a splenic 
cell response to an analogous synthetic peptide (HBc aa 121-145) in four out of five mice after 
three oral immunizations. This is the first description of the priming of a cellular immune response 
to a defined heterologous epitope expressed in attenuated salmonellae and delivered by the oral route. 
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Introduction 

Infection with hepatitis B virus (HBV), a small DNA 
virus (for reviews see refs 1, 2, 3) is the cause of acute 
and chronic liver disease in man and HBV continues to 
be one of the most important pathogens on a world-wide 
scale with over 200 million chronic carriers 4 . Despite the 
existence of safe and efficient plasma-derived and 
recombinant vaccines 5 , availability and cost still hamper 
vaccination programmes similar to the successful im- 
munization against smallpox virus. Existing vaccines are 
based on HBV surface antigens. Immunization with 
recombinant HBV core antigen (HBc) has also been 
shown to provide some degree of protection against HBV 
infection 6,7 , probably mediated by cellular immune 
response mechanisms, since HBc is an internal viral 
antigen. HBc particles elicit both T-ceil dependent and 
T-cell independent antibody responses and a strong 
cellular immune response 8 . T-cell epitopes of HBc have 
been mapped in the murine system 9 , but it is not known 
which epitopes mediate protective immunity. It has 
recently been demonstrated that immunization with 
recombinant (human) HBc induces a partial protection 
in woodchucks against infection with a closely related 
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hepadnavirus, woodchuck hepatitis virus (WHV) (F. 
Schodel, K. Manneck, K. Fuchs, H. Will and M. 
Roggendorf, unpublished). Therefore HBc amino acid 
sequences mediating protective immune responses are 
probably in the regions conserved among WHV and 
HBV (for a comparison of amino acid sequences see 
Ref. 1 ). An ideal vaccine would comprise protective T-cell 
epitopes for a longlasting memory and elicit virus 
neutralizing antibodies against defined epitopes. It would 
be an additional advantage if this vaccine could be given 
orally and would combine stability and ease of production. 
Invasive but non-pathogenic aroA salmonella strains 
have been developed 10,11 which confer immunity to 
salmonella infections and are suitable as carriers for 
heterologous antigens (Refs 10, 12; for a review see Ref. 
13). It has been shown that oral immunization with 
recombinant salmonellae expressing a circumsporozoite 
antigen can induce protective, possibly cell-mediated, 
immunity against Plasmodium berghei infection in mice 14 . 
Antibodies against HBV surface antigen epitopes could 
he elicited by the same route when the epitopes were 
expressed in salmonellae as flagellin inserts 15 . The 
envelopment of an expression system which allows the 
stable expression of foreign epitopes as fusion proteins 
with the subunit B of Escherichia coli heat labile 
enterotoxin (LT-B) was described previously 16 . These 
fusion proteins expressed in SL1438, an aroA Salmonella 
dublin auxotroph, induce high level serum IgG antibodies 
to LT-B when fed orally to Balb/c or C57BL/10 mice 
and splenic T-cells reactive with LT-B when fed to 
Balb/c 17 . Serum antibodies to the fused HBV antibody 
binding sites could not be detected. It was described 
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^ ~ HBc T-eetl epitope expressed in attenuate^' 'moneilae; F. 

recently thai- two HBc T-cell epitopes (HBc amino acids 
(aa)- 120-140) fused to an antibody binding site of the 
middle H B V surface protein in a synthetic peptide elicited 
both a strong H-2 restricted T-cell response after 
^^nunization in mice and provided T-cell help for the 
^Plached B-ccll epitope (HBV pre-S(2) amino acids 
I33-I40) 18 . It has been possible to stably express the 
same HBc T-cell epitopes and the B-cell epitope as a 
fusion protein with the carboxy terminus of LT-B 
(expression plasmid pFS20) in the vaccine strain SL1438 1 7 . 
Here the cellular immune response in mice fed with 
SL!438(pFS20) against one of the two HBc T-cell 
epitopes and against LT-B, is described. 

Materials and methods 
Bacteria and plasmids 

The aroA S. dubiin vaccine strain SL1438 10 was kindly 
provided by Bruce Stocker (Stanford). The construction 
of expression plasmids pFS2.2 (expressing LT-B+eight 
carboxyterminal amino acids from a polylinker) and 
pFS20 (HBc aa 120-145 and HBV pre-S(2)aa 133-140, 
fused to the carboxy terminus of LT-B) has been described 
previously 17 . Maintenance and growth conditions of 
bacteria were as described before 1617 . 

Immunization 

As described previously 16 * 17 10-12 female Balb/c or 
C57BL/10 mice were fed with %10 10 colony forming 
units (cXu.)ofSL1438(pFS20) [group M, C57BL/10and 
group N, Balb/c] or SL1438(pFS2.2) [group O] by 

•orogastric tube. Blood was drawn 10 days after the first 
anization and the animals were immunized a second 
Again blood was drawn after 10 days a set of 
animals was killed and the spleens were removed for 
establishing T-cell cultures. A second set of animals was 
immunized a third time and blood and spleen cells 
removed 14 days after the third immunization. 

Cell culture and antibody determination 

Spleens were aseptically removed and carefully dis- 
sected. Splenic cells were separated over a Ficoll/Isopaque 
gradient and cultured in RPMI-Click (Gibco) supple- 
mented with 0.5% syngeneic serum in microlitre plates. 
The cell density was adjusted to 5x I0 5 cells/well and 
affinity purifed LT-B (kindly provided by John Clements) 
to a concentration of 0.1 pg, l//g or 10/igml" 1 or a 
synthetic peptide spanning HBc amino acids 121-145 
(synthesized by automated synthesis, >90% pure by 
HPLC analysis) to a concentration of 1 /ig, 10/*g or 
100 jig ml" 1 was added. The HBc synthetic peptide was 
weighed, solubilized by ultrasound, sterile filtrated and 
diluted before use. The indicated concentrations reflect 
the amount of peptide weighted in, actual concentrations 
in the cell culture wells may be lower due to low solubility 
of the peptide and loss during sterile filtration. The splenic 
cells were cultivated in a humid atmosphere at 37°C and 
5% C0 2 for 5 days. In the last 18 h of culture, the cells 
were labelled with 0.5 /iCi *H-thymidine (Amersham), 
harvested and counted in a liquid scintillation cocktail 

S:ta). Background values of cells cultivated in the 
of antigen were determined and automatically 
ted. Anti-LT-Band anti-HBV pre-S(2) antibodies 
m the serum were determined at a 1/100 serum dilution 
by GM1-ELISA and anti-pepiide (HBV pre-S(2) aa 
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133-150) ELISA, respectively, as described 17 ; the second 
antibody was goat anti-mouse IgG (H + L), peroxidase 
coupled (Medac, Hamburg), substrate orthophenyl- 
diamine. 

Results 

The cellular and humoral immune responses of mice fed 
with salmonellae expressing LT-B or a LT-B/HBV fusion 
protein were analysed. As previously demonstrated for 
LT-B alone and other LT-B fusion proteins 17 , mice fed 
with salmonellae expressing either LT-B or the LT- 
B/HBc/HBV-pre-S(2) fusion protein developed serum 
IgG antibodies against LT-B (Figure /. a-c). In Balb/c 
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Bom 1 Serum IgG anti-LT-B antibodies after oral immunization of 
C57BL/10mk» with SL1438 (pFS20) (a), or Balb/c mice with SL1438(pFS20) 
(b) or SL1438(pFS2.2) (c). The means ol dupl.cate absorbance 
measurements at 492nm in a GM1 ELISA are indicated: 0 = pre- 
irnmune. 1 = 10 days after the first immunization. 2= 10 days after 
the second immunization. 3 = 14 days after the third immunization 
Lines connect values of individual sera 
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► 2 Stimulation of splenic cells in the presence of LT-B (a,b) or a synthetic peptide from the HBc region aa 121-145 (c,d). Mean counts min" 1 
of "triplicate cultures labelled with "H-thymidine are indicated. Values of individual animals are connected, (a), group N (BaJb/c. SL1438(pSF20)), (b) 
and (c), group O (Balb/c. SL1438(pFS22)). (d). group M (C57BL/10, SL1438<pFS20). here only the values of four out of five animals showing thymidine 
incorporation are plotted 



mice, a higher rate of seroconversion was observed after 
the second oral immunization (Figure lb,c) than in 
C57BL/10 mice (Figure la). After the third immunization 
all animal sera analysed showed detectable levels of serum 
anti-LT-B IgG. Antibodies against the carboxyterminally 
fused HBV-pre-S(2) B-cell epitope could not be detected 
in either Balb/c or C57BL/10 mice by anti-peptide ELISA 
(data not shown). After the third oral immunization, 
splenic cells reactive to LT-B could be observed in Balb/c 
mice fed with LT-B or LT-B fusion protein expressing 
salmonellae (Figure 2a,b). In contrast, in C57BL/10 mice 
no splenic cells primed against LT-B were detected (data 
not shown). Apart from a possible major histo- 
compatibility complex restriction for LT-B this may be 
a hint that LT-B is capable of inducing antibodies by a 
T-cell independent mechanism, as antibodies against 
LT-B were readily detected in C57BL/10. In Balb/c an 
LT-B dose dependent increase in 3 H-thymidine incor- 
poration was observed whether the animals were 
immunized with salmonellae expressing LT-B alone 
(group O, Figure 2b) or the fusion protein (group N, 
Figure 2a\ The stimulation seems, however, higher in 
the group that received salmonellae expressing only LT-B 
(Figure 2b). Only in mice with an H-2 b genetic 
background (C57BL/10) was a stimulation of splenic cells 
in the presence of the HBc analogous synthetic peptide 
observed (Figure 2d); in Balb/c mice (H-^) SL1438(pFS20) 



did not prime a response (not shown). The HBc 121-145 
synthetic peptide induced no proliferative response in 
splenic cells of Balb/c fed with SL1438(pFS2.2) as a 
negative control (Figure 2c). Similarly, no in vitro 
proliferative response to the synthetic peptide was 
observed in splenic cells of unprimed C57BL/10 or of 
C57BL/IO fed with salmonellae expressing LT-B alone 
(not shown), this observation is consistent with the 
previously described H-2 restriction of the HBc T-cell 
epitope 129-140 9 ' 18 . Primed T cells of the HBc syn- 
thetic peptide could be demonstrated in four out of 
five mice analysed after the third immunization with 
SL1438(pFS20). 

Discussion 

The data presented indicate that a heterologous T-cell 
epitope fused to the carboxyterminus of LT-B can be 
presented to the mouse immune system by orally given 
attenuated salmonella. To our knowledge this is the first 
time that it has been demonstrated that attenuated 
salmonella can induce an immune response to a defined 
heterologous T-cell epitope by the oral route. Hetero- 
logous B-cell epitopes fused to the carboxyterminus of 
LT-B, although they are accessible on the non-denatured 
protein, as tested by ELISA type assays with the 
respective poly- or monoclonal antibodies (data not 
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shown), do not induce a detectable B-cell response. The 
• reason for the low B-cell immunogenicity of the fused 
sequences compared with LT-B alone is not known. It has 
ecently been demonstrated that B-cell epitopes of the 
holera toxin subunit B, highly homologous to LT-B, 
and of the HBV pre-(S) and S region inserted into a 
hypervanable sequence of H-ld phase-1 flagellin can be 
expressed in aroA S. typhimurium in an immunogenic 
form and in the case of the HBV epitopes induce 
low serum antibodies by the oral route after four 
subsequent immunizations in a mouse model" This 
approach could lead to the formation of neutralizing 
antibodies against HBV in man provided that the 
epitopes can be expressed in suitable S. typhi in an 
immunogenic form. Induction of T-cell responses to one 
or two T-ceil sites may not suffice to induce protection 
in an outbred population. As the T-cell sites used here 
(HBc 120- 1 40) are particularly well conserved between 
HBV and WHV 1 they could play a role in inducing 
protective immunity. The finding reported here that a 
T-ccll response can be induced by orally given Salmonella 
vaccine strains together with the successful induction 
of antibody responses to heterologous flagellin inserts 
expressed in salmonellae 1 5 paves the way for construction 
of recombinant bacteria that present a selection of 
artificially combined T-cell epitopes together with B-cell 
epitopes eliciting neutralizing antibodies, possibly on 
different structures within the same bacterium. Since the 
amount of heterologous antigen actually delivered to the 
host immune system may be critically affected by plasmid 
loss m vwo in the experiments described here and the 
presence of antibiotic resistance markers on plasmids 
^■Kd for w vivo vaccinations is not desirable, we have 
^pastructed asd plasmids expressing LT-B and LT- 
Tj/HBV fusion proteins and are currently testing their 
immunologic properties (F. Schodel, H. Will, T. Doggett 
and R. Curtiss, unpublished results). 

These expression plasmids without antibiotic resistance 
markers are highly maintained in salmonella vaccine 
strains by complementation of a lethal mutation in the 
cell wall metabolism (A aspartate semialdehyde dehydro- 
genase [a*/])" Cells that lose the plasmids lyse and 
release their antigenic content. Also hybrid HBc/pre-S 
proteins which form particles 21 have now been success- 
fully expressed in attenuated salmonellae (F. Schodel 
unpublished results) and their immunogenicity is under 
investigation. 
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Characterization of Hybrid Toxins Produced in Escherichia coli by 
Assembly of A and B Polypeptides from Type I and Type II 

Heat-Labile Enterotoxins 
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The genes encoding the individual A and B polypeptides of the type I enterotoxin LTp-I and type II 
enterotoxins LT-IIa and LT-IIb were cloned and tested for complementation in Escherichia coli. Each gene 
encoding an A polypeptide was cloned into pACYC184, and each gene encoding a B polypeptide was cloned into 
the compatible plasmid Bluescript KS+. In addition, operon fusions representing all combinations of A and B 
genes were constructed in Bluescript KS+. Extracts from strains of E. coli expressing each combination of A 
and B genes, either from compatible plasmids or from operon fusions, were tested for immunoreactive 
holotoxin by radioimmunoassays and for toxicity by Yl adrenal cell assays. Biologically active holotoxin was 
detected in each case, but the toxicity of extracts containing the hybrid toxins was usually less than that of 
extracts containing the wild-type holotoxins. The ganglioside-binding activity of each holotoxin was tested, and 
in each case, the B polypeptide determined the ganglioside-binding specificity. The A and B polypeptides of the 
type II heat-labile enterotoxins were also shown to form holotoxin in vitro without exposure to denaturing 
conditions, in contrast to the polypeptides of the type I enterotoxins that failed to form holotoxin in vitro under 
comparable conditions. These findings suggest that type I and type II enterotoxins have conserved structural 
features that permit their A and B polypeptides to form hybrid holotoxins, although the B polypeptides of the 
type I and type II enterotoxins have very little amino acid sequence homology. 



The heat-labile enterotoxins of Escherichia coli and Vibrio 
cholerae constitute a family of proteins that are related in 
structure and function (22, 33). They are classified into two 
serogroups (9, 21, 37-39). Antisera against the enterotoxins 
in serogroup I do not neutralize the toxins in serogroup II, 
and vice versa. Serogroup I includes cholera toxin (CT) and 
the E. coli type I heat-labile enterotoxins (LT-I). LTh-I and 
LTp-l are antigenicalry cross-reacting variants of LT-I pro- 
duced by E. coli strains from humans and pigs, respectively 
(6, 23). Serogroup II includes the E. coli type II heat-labile 
enterotoxins (LT-H), with antigenic variants designated LT- 
IIa and LT-IIb (14, 15, 19, 21, 37-39). Strains of £. coli that 
produce LT-I I have been isolated from animals (water 
buffalo, cattle, pigs, etc.) and foods, particularly in South- 
east Asia and South America, but they are rarely isolated 
from humans (14, 40). CT and LT-I function as virulence 
factors and cause diarrhea with cholera and enterotoxigenic 
E. coli infections, but the role of type II toxins in pathogen- 
esis has not yet been demonstrated. 

Toxins in the K cholerae and E. coli heat-labile entero- 
toxin family have one A polypeptide and five B polypep- 
tides, and quaternary structure of the holotoxins is main- 
tained by noncovalent bonds between the polypeptides (12, 
14, 16, 22, 43). Treatment of holotoxin with trypsin cleaves 
its A polypeptide into fragments Al and A2, which remain 
joined by a disulfide bond, and fragment A2 mediates inter- 
action of the A polypeptide with the B polypeptides. Holo- 
toxin binds via its B polypeptides to surface-exposed sugars 
of gangliosides that function as specific receptors on eucary- 
otic ceil membranes (11, 22). Both CT and LT-I bind 
preferentially to ganglioside GM1, but LT-I can also bind to 
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glycoproteins (13). LT-IIa binds with greatest affinity to 
-ganglioside GDlb, and LT-IIb binds preferentially to gangli- 
oside GDla (11). Binding of holotoxin triggers entry of 
-fragment Al into the target cells, in which it activates plasma 
membrane adenylate cyclase by catalyzing ADP ribosylation 
•of the regulatory protein G sa . Biological effects of the 
heat-labile enterotoxins are believed to be mediated primar- 
ily by increased concentrations of cyclic 3',5'-AMP (cAMP) 
in the target cells, but cAMP-independent effects of entero- 
'toxins that may be mediated by prostaglandins or ei- 
cosanoids or by cross-linking of gangliosides in plasma 
"membranes have also been described previously (10, 35). 

The genes that encode the A and B polypeptides of CT, 
LTh-I, LTp-I, LT-IIa, and LT-IIb have all been cloned and 
v l sequenced (7, 27, 28, 32, 36, 37, 39, 45). Comparison of the 
predicted amino acid sequences for these representative 
/type I and type II enterotoxins shows that their Al fragments 
are most homologous (22, 36-39, 45); this homology presum- 
ably reflects the conserved ADP ribosyltransferase activities 
of the Al fragments (26). The A2 fragments arc much less 
v\ homologous than the Al fragments (36, 38). Within sero- 
group I or II, the B polypeptides are homologous, but B 
polypeptides of type I enterotoxins have little or no signifi- 
cant homology with those of type II (36, 38). The apparent 
.r lack of homology between B polypeptides of type I and type 
II enterotoxins is consistent with their different ganglioside- 
binding specificities, and the limited homology between A2 
fragments of type I and type II enterotoxins may reflect 
cocvolution of the A2 polypeptides with the specific B 
polypeptides to which they bind (22). 

Assembly of type I holotoxins occurs after transport of. 
their A and B precursor polypeptides into the periplasm and 
removal of their signal peptides (7, 16, 17, 32). The mature B 
polypeptides of type I enterotoxins can associate to form 
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TABLE 1. Strains and plasmids used in this study 

Construction 



Plasmid or E. coli strain 



Phenotypc 



Vectors and parental plasmids 
pACYC184 
pBluescript 
pEWD299 
pCP3727 
pCP4185 

pACYC184 constructions 
pTC900 
pTC304 
pTC601 

pBluescript constructions 
pTC801 
pTC400 
pTC700 
pTCSOOO 

pTC200 

pTClOl 

pTClOOO 

pTC2000 

pTC3000 

pTC4000 

Strains 
XLl-Blue 
SA53 
41 
Tl 
T2 
T3 
T4 
T5 
T6 
T7 
T8 
T9 



Nontoxinogenic 
Nontoxinogenic 
LT-I A, LT-I B 
LT-IIa A, LT-IIa B 
LT-IIb A, LT-IIb 



LT-1 A 
LT-IIa A 
LT-IIb A 



LT-I B 
LT-IIa B 
LT-IIb B 
LT-I A, LT-I B 

LT-IIa A, LT-IIa B 
LT-IIb A, LT-IIb B 
LT-I A, LT-IIa B 
LT-I A, LT-IIb B 
LT-IIa A, LT-I B 
LT-IIb A, LT-I B 



Nontoxinogenic 
LT-IIa A, LT-IIa B 
LT-IIb A, LT-IIb B 
LT-IIa A, LT-IIa B 
LT-IIb A, LT-IIb B 
LT-IIa A, LT-IIb B 
LT-IIb A, LT-IIa B 
LT-I A, LT-I B 
LT-I A, LT-IIa B 
LT-I A, LT-IIb B 
LT-IIa A, LT-I B 
LT-IIb A, LT-I B 



Clr r Tet r , P15A replicon 

Amp r , ColEl replicon, ? tac (Stratagene) 

LT-I operon from p307 

LT-IIa operon from E. coli SA53 

LT-IIb operon from £. coli 41 



1.3-kbp Smal fragment from pEWD299 

1-kbp Pstl fragment from pCP3727 

1.58-kbp EcoRV-Dral fragment from pCP4185 

750-bp HindlU fragment from pEWD299 
800-bp EcoRl-Hpal fragment from pCP3727 
1.0-kbp Hindlll-Pstl fragment from pCP4185 
1-kbp BamHl-EcoKl fragment from pTC900 and 3.6-kbp 
fragment from pTC801 

2.2- kbp EcoR\-Kpn\ fragment from pCP3727 
1.68-kbp Bg!\l-Hpa\ fragment from pCP4185 

1.3- kbp ClaVSa!\ fragment from pTC900 into pTC400 
1.3-kbp ClahSall fragment from pTC900 into pTC700 
1-kbp BamHl-EcoRV fragment from pTC304 into pTC801 
1.6-kbp Clal-BamHl fragment from pTC601 into pTC801 

recAl supE44 relAl lac (F' proAB laclq Z M15 TnJO) 

Parental strain expressing LT-IIa toxin 

Parental strain expressing LT-IIb toxin 

XLl-Blue containing pTC304 and pTC400 

XLl-Blue containing pTC601 and pTC700 

XLl-Blue containing pTC304 and pTC700 

XLl-Blue containing pTC601 and pTC400 

XLl-Blue containing pTC900 and pTC801 

XLl-Blue containing pTC900 and pTC400 

XLl-Blue containing pTC900 and pTC700 

XLl-Blue containing pTC304 and pTC801 

XLl-Blue containing pTC601 and pTC801 



5 

41 

7 

39 
31 
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This study 
This study 



This study 
This study 
This study 
This study 

This study 
This study 
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This study 
This study 
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pentamers in vivo or in vitro, either in the presence or 
absence of mature homologous A polypeptides, but interac- 
tion with homologous A polypeptides increases the rate of 
association of B polypeptides and favors formation of holo- 
toxin instead of B pentamers (16). Assembled B pentamers 
of type I enterotoxins do not associate with A subunits to 
form holotoxin (16). Hybrids between CT and LT-I can be 
produced by denaturing and renaturing mixtures of their A 
and B polypeptides in vitro, and such hybrid type I entero- 
toxins have toxicity comparable to that of native CT or LT-I 
(16,44). 

In the current study, we cloned the genes encoding the A 
and B polypeptides of LTp-I, LT-IIa, and LT-IIb and tested 
all possible pairwise combinations of their A and B genes, 
either in compatible plasmid vectors or in hybrid operon 
constructs, for complementation in E. coli. Our goals were 
to determine whether heterologous A and B polypeptides 
from type 1 and type II enterotoxins can associate to form 
hybrid holotoxins and, if so, to characterize the hybrid 
holotoxins. 

MATERIALS AND METHODS 

Bacterial strains and plasmids. The LTp-I-producing plas- 
mid pEWD299 (8) and the plasmids pCP3727 expressing 
LT-lla (37, 39) and pCP4185 expressing LT-IIb (38) have 



been described previously. Genes encoding individual toxin 
polypeptides were cloned into the vectors pBluescript KS+ 
(or KS-) (Stratagene) and pACYC184 (5) by using standard 
methods (30). Genes cloned into pBluescript vectors were 
oriented for expression under control of the isopropyl-p-D- 
thiogalactopyranoside (IPTG)-inducible lac promoter. E. 
coli XLl-Blue (Stratagene) was used as the host strain for all 
recombinants (4). Details of construction and phenotypes of 
the recombinant plasmids and strains used in this study are 
summarized in Table 1. 

DNA procedures. DNA was isolated by using the Ish- 
Horowicz and Burke modification (24) of the alkaline extrac- 
tion procedure of Birnboim and Doly (3). Agarose gel 
electrophoresis was performed by standard procedures (30), 
and restriction fragments used for cloning were isolated from 
gel slices by electrocution; Restriction enzymes and other 
DNA-modifying enzymes were used according to suppliers' 
specifications (Bethesda Research Laboratories, Inc., Gaith- 
ersburg, Md.; Boehringer Mannheim Biochemicals, India- 
napolis,' Ind.; and New England Biolabs, Beverly, Mass.). 
Transformations were performed by using CaCl 2 -treated 
cells as described by Maniatis et al. (30). 

Preparation of toxin-containing extracts. E. coli strains 
expressing cloned genes for toxin A and/or B polypeptides 
from recombinant plasmids were cultured in LB broth (42). 
Ampicillin (75 jigM) and/or chloramphenicol (25 jig/ml) was 
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Iddcd as appropriate to select Aox plas m ^ vjgorous 
Jancc traits. Cultures ^wcrc > incubated a^ ^ w 
shaking. IPTG ™s added (0^ to ai ^ incubation was 
(optical density at 6Wnm of 0^2 to ,, d c e n trifugat.on 

continued overnight- Cell* * P , ume of phosphatc- 
andresuspcnded.nl/30 of h cor ^ n jns or ^peptides 

buffered saline ( p p)^ c ^'St ion or by treatment with 
were released cither by son cation y ra . 

polymyxin B sulfate ^^centrifuged to pellet 

fayed before <^S^£^I. enterotoxlns. 

W for Wo <>g«cal a^ty j J tQxin by using 

Methods to test ^^^^Sptesri^y (29)- Sam- 
Yl adrenal cells have been des croc v ^ extracts in 

pta, (100 pi) ™™ l ?J™to^s * Yl adrenal cells 
^PMI 1640 were W^^^activity was denned as 
and incubated for °" r Zired to give a 4+ reaction, 
the minimum dose of toxin jequ rea g ^ ^ ^ m ^ 
corresponding to rounding £ a ^ a * (toxic ity) was ex- 
monolayer (29), Md m ^ ra ^Srom XLl-Blue cells 
pressed as units per milliliten t-xua 

harboring pBluescnpt an *°^ t P t J x i c for Yl cells. Purified 
used as controls "£^2. used as positive ■ 

LTp-I, LT-IIa, and JJ, convert toxic activity of 
controls. It is 

extracts directly ^ e nterotoxm < ™ [Q unmcked 

cific activity depends on the ratto^t ^ ^ 

toxin. For the purified, fully nickea x 0.5 pg of 

corresponds to approximately 12 .Spgot 
LT-Ha (21), and 3 pg of LT IIb ^ ) Uoside .dependent 

Solid-phase ™ dl0,m ^ U S S s a Sh monoclonal antibodies 
solid-phase rad.o.mmu^assay^w,tn es q{ h , ablle 

(MAb) directed against JeApW^ amQunts of immu . 
enterotoxins were used to ^ asu A solution containing 
noreactive holotoxin •? (M atreya, Inc., Pleas- 

oangliosides GM1, GDla an ° ^ A PB S was prepared, 
ant Gap, Pa.) at 0-8^«on (20 ng of each 
and 25 ul of the mixed g^*^ a 96 . we ll polyvinyl 
canelioside was added to eacn ' wc y » The p i at es 

rSotiter plate (Dynatech, ^"^jSt and unbound 
were incubated at room ing thTplates with PBS. 

gangliosides were removed by ^h mg v ^ ^ 
dwells were -^^^Z^ serum (PBS-10; 
temperature with PBb comain 6 per f 0 rmed at 37 C. 

GIBCO). All subse£ l uent n<: S ^ P e re serial^ diluted by using 
Extracts containing tox> w«e a were applied to 
PBS-10, and 25-u I samples of e ^*i U cw thcn washed wth 
the wells and incubated for 3 h-WjiB be(J witn 2 5 

PBScc^uin^Wlgrsc^mff^^ P Qntaining he 

al of hybridoma cell cu,tu ™ 7P tne A subu nit present tn 

appropriate ^^'r^l^Tp-I. M" ** ^ 

rnincd) for LT-Ilb. The .sotypes of MA ^ ^ 
arc immunoglobulin Gl (lgGl), ^ charaC terizat.on of 
Details concerning % c P r ^ [^^cribed elsewhere (18a). 
MAb 5C5 and MAb l«5wi» K (hc cntcroloxin 

None of these MAb c^^ ^^'^bound antibodies were 
Bsubunits. After lh of . ncubat.on,un ciis ^ ^ d 

removed by rins.ng with PW» \; j. mousc i g G (Sigma, St. 
with a 1:2.000 dilution of ^^'^sigma), as appropn- 



ssas o-' i ~ s mssx ass 

,0 the well was c ^ d J y ^ n amounts of purified 
MEplus Gamma Counter Kno ^ ^ 

LTp-1, LT-Ha, a " d ^ T . 0 ^was expressed as micrograms 

siss-— ^ — A subun,t as 

(U) as ^^ t ^S?<^«^^ 
hybrid toxins for dltlcrem ^ & th t cach well con- 

pLes were I«P^ " ^ndSaes (OM1. GDla or 
taincd only one of the three j* an & , d , utcd in PB S in 

GDlb) and ^f^s^sUoi 25 ng to 12 pg per 
successive wells in a two 01a immU norcactivc 
well. Extracts were diluted to 200 g ^ ^ ^ of 
holotoxinpcrmUandeach^ ^ werc 

the three ga^^^'^ssed as described above, 
incubated for 3 hybrid holotoxins. To 

.I««»»o^ 0 ^^ f p S l Y3vity of extracts containing 
confirm that the b olog.cal ac ^ bunits was associated 
l»motogpusandheteio^u^»n str£pto . 

with holotoxin, Sepharose beads con J^ NJ .) were 

coccal G- P rotein (Pha ^JSrtS^uott (100 ul) 
used to make specific '—oad ^ n tacubated overnight 
of Sepharose^-protem beads were m fc for 

with hybridoma supematants contonmg 
the B subunits present J the «tn* ct MAb 
15G3 for the B subun.t of LT Ila^ Mi ^g 6 m , } and 

20C9 for the B subun.t of IT Hb Jg f- g | q{ ml) 
MAb 12G5 for the B subun.t _ of XTp U J* concerning the 
(2) All three MAb are IgGl tsotypes. u MAfc 
Reparation and cha-ctenza^on of MAb 15^ ^ ^ 
SrjCT will be described elsewte^ e (1 ) ^ rf th£ 
B-polypeptide-specrfic MAb ^ c oss ^ ^ 

toxin A polypep ides. After mc md the bead 

washed extensively to remove wh _ ch had 

were then used to adsorb 2M^to» ^ u/ml { 

been previously diluted to be ^ e " o{ adsor bed and 

Siologically-active *«*^ ^^"Jclrttin the small- 
unadsorbed extracts were determinea t ^ 

est dose of each that was cytotoxic in ^ {u 

assay. Solutions P""^^^ were used as controls, 
oa/rnl), and LT-Hb (2.6 ng^O.towns ^e re . To 

determine whether A and B sub " n,ts J ns expr essing the A or 
t 0 form holotoxin, c^.^"'^^^ mixed in all 
B subunit of LTp-I, LT-Ha," bunits . Equal volumes 
pairwise combinations of A ( a " d J t ^ s U were combined, and 
(10 to 50 u.1) of A and B subun.t extracts ^w ; bated 

^Te^ 

Lngliosides (20 ng of each per well) oimmun oas- 
?mm S unoreactive h^'^^^dScribcd above^ 
say using A-polypcptid^'fte cxUacls wer c used 

Samples contammgonly A or B suo ^ nb 

as controls, and p unficd LTp \, LI . cffcct jf ^ of 
were used as standards. To d ^^ min icatcd extracts were 
polymyxin B sulfate on assembly cornea 
also assayed. Polymyxin cx \ r c ^ h , d v n c a xpcri mcnt S (data not 
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TABLE 2. Immunoreactivity and biological activity of heat-labile enterotoxins with homologous and heterologous A and B 
subunits encoded by structural genes on separate plasmids or in hybrid operons 



Toxin composition 



Activity of toxin subunits encoded by genes on: 



Complementary plasmid 



Operon fusion 



buDunit A 


Subunit B 


Biological 
activity* 7 
(U/ml) 


Toxin 
antigen* 
(u.g/ml) 


Sp act 
(U/ng) 


Biological 
activity 
(U/ml) 


Toxin 
antigen 
(M-g/ml) 


Sp act 
(U/M-g) 


LT-IIa 


LT-IIa 


27,000 


5.1 


5,270 


656,000 


80.0 


8,200 


LT-IIb 


LT-IIb 


32,000 


87.5 


370 


23,300 


13.6 


1,790 


LT-I 


LT-1 


20,480 


2.5 


8,190 


64,000 


22.0 


2,910 


LT-lla 


LT-IIb 


4,000 


1.0 


4,000 


8,000 


1.7 


4,700 


LT-IIb 


LT-IIa 


9,000 


6.4 


1,400 


128,000 


22.2 


5,820 


LT-I 


LT-IIa 


640 


c 




640 






LT-I 


LT-IIb 


320 






1,280 






LT-IIa 


LT-I 


1,000 


1.0 


1,000 


640 


0.2 


2,600 


LT-IIb 


LT-I 


640 


2.1 


302 


1,280 


2.5 


512 



0 One unit of toxin is the smallest dose needed to produce a response in 75 to 100% of cells in a Yl adrenal cell bioassay (29). Cells expressing A subunit alone 
or B subunit alone were not toxigenic. 

6 The amount of holotoxin in each extract was measured by solid-phase radioimmunoassay (11). Extracts were incubated in microtiter wells sensitized with 
20 u.g each of GM1, GDla, and GDlb, and probed with A subu nit-specific MAb 4B6 (LT-I) (2), MAb 5C5 (LT-IIa), or MAb 19G5 (LT-IIb). In each case, the 
immunoreactivity was expressed as the amount of holotoxin containing the same A subunit that produces an equivalent response in the radioimmunoassay. 

c — , MAb specific to the A subunit failed to bind to holotoxin. 



trol extracts from strains expressing only A or B polypep- 
tides were not cytotoxic. 

RESULTS 

To facilitate complementation studies, DNA fragments 
that encode individual A or B polypeptides of LTp-I, LT-IIa, 
or LT-IIb were isolated and cloned into compatible plasmid 
vectors (Table 1). Each A gene with its native promoter was 
cloned into pACYC184 (Clr r , P15A replicon), and each B 
gene without its native promoter was cloned into pBluescript 
KS+ (Amp r , ColEl replicon) under control of the IPTG- 
inducible lac promoter. Pairs of the compatible plasmids 
carrying each possible combination of cloned A and B genes 
were transformed into E. coli XLl-Blue, and cotransfor- 
mants were selected and maintained by growth in the pres- 
ence of ampicillin and chloramphenicol. To control for 
artifacts resulting from different plasmid copy numbers or 
expression of the A and B genes from promoters of different 
strength, hybrid operons containing each combination of A 
and B genes expressed under control of the lac promoter in 
pBluescript KS+ were also constructed, introduced into E. 
coli XLl-Blue, and maintained under ampicillin selection. 

Strains expressing each pair of A and B polypeptides, 
either on separate plasmids or as hybrid operons, were 
cultured in LB broth until mid-log phase and induced over- 
night with IPTG. Periplasmic contents were released by 
treatment with polymyxin B, and the extracts were tested for 
toxicity in Yl adrenal cell assays and for immunoreactive 
holotoxin in solid-phase radioimmunoassays (Table 2). Ex- 
tracts from negative controls that contained only an A or a B 
polypeptide were not toxic and contained no immunoreac- 
tive holotoxin (data not shown). Extracts from positive 
controls that contained the A and B polypeptides of a single 
cntcrotoxin (either LTp-I, LT-IIa, or LT-IIb) were highly 
toxic and contained substantial amounts of immunoreactive 
holotoxin with high specific activity. These positive controls 
demonstrated that LTp-I, LT-Ha, and LT-IIb can all be 
produced as mature periplasmic holotoxins in E. coli by 
complementation between the cloned genes for their A and B 
polypeptides. 



Extracts from all of the strains that expressed genes for 
heterologous A and B polypeptides, including those that 
produced a combination of type I and type II polypeptides, 
were also toxic for Yl adrenal cells (Table 2). The total toxic 
activity of extracts containing the hybrid toxins was usually 
less than the toxicity of extracts containing the wild-type 
holotoxins. Immunore? ii.ve hybrid holotoxins were de- 
tected in all extracts, eyeept those containing the A poly- 
peptide of LTp-I and the B polypeptide of either LT-IIa or 
LT-IIb. The hybrid holotoxins in these exceptional extracts 
were also undetectable as antigens when any of several MAb 
against the A subunit of LTh-I (1, 2) was substituted for 
MAb 4B6 in the solid-phase radioimmunoassay (data not 
shown). Possible explanations for failure to detect these 
specific hybrid toxins in ganglioside-dependent solid-phase 
radioimmunoassays include failure of the A polypeptide to 
fold in a manner that permits expression of some conforma- 
tion-dependent epitopes, masking of some epitopes of the A 
polypeptide by abnormal folding or by association with the 
heterologous B polypeptide, or deficient ganglioside-binding 
activity of the hybrid holotoxin. The amounts of toxic 
activity and immunoreactive holotoxin produced by strains 
that expressed a hybrid enterotoxin operon under control of 
the lac promoter in pBluescript KS+ were usually greater 
than the amounts produced by strains that expressed the 
same A and B polypeptides from separate, compatible 
plasmids. 

To confirm by an independent method that toxicity was 
due to formation of hybrid holotoxins, extracts containing 
each combination of A and B polypeptides were adsorbed 
with Sepharose-streptococcal G-protein beads coated with 
MAb against the B polypeptides that they contained (Table 
3). None of the MAb against a specific B polypeptide 
cross-reacted with any of the A polypeptides or with the 
other B polypeptides (data not shown). Purified LTp-I, 
LT-IIa and LT-IIb toxins were used as positive controls, and 
Sepharose-streptococcal G-protein beads coated with MAb 
specific for the other B polypeptides served as negative 
controls for the absorption experiments. In each case, tox- 
icity was removed by immunoabsorption only when the 
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TABLE 3. Removal of biological activity of hcat-labilc 
entcrotoxins by adsorption with B subunit-specific MAb 



Toxin Composition" 



Subunit A 



Subunit B 



B subunit- 
spccific MAb'' 



Biological 
activity 
removed 
<%) 



LT-IIa 


LT-IIa 


15G3 


>88 


LT-IIb 


LT-IIb 


20C9 


>94 


LT-I 


LT-I 


12G5 


99 


LT-IIa 


LT-IIb 


20C9 


94 


LT-IIb 


LT-IIa 


15G3 


>99 


LT-I 


LT-IIa 


15G3 


88 


LT-I 


LT-IIb 


20C9 


<r 


LT-IIa 


LT-I 


12G5 


94 


LT-IIb 


LT-I 


12G5 


94 


LT-IIa' 


LT-IIa' 


15G3 


99 


LT-IIb rf 




20C9 


88 


LT-I* 


LT-I 


12G5 


97 



a Toxin-containing bacterial extracts (unless otherwise noted) were pre- 
pared from strains expressing toxin from wild-type or hybrid operons. 

b Specificities of MAb used: 15G3 (LT-IIa B subunit), 20C9 (LT-IIb B 
subunit), and 12G5 (LT-I B subunit) (2). The antibodies do not cross-react. 

c MAb 20C9 does not bind the hybrid holotoxin. 

4 Purified holotoxins were used as positive controls. 



Sepharose-streptococcal G-protein beads were coated with 
MAb against the B polypeptide that was present in the 
extract or purified enterotoxin. The only exception was the 
extract that contained the A polypeptide of LTp-I and the B 
polypeptide of LT-IIb, from which toxicity was not absorbed 
by using MAb 20C9 or an alternative MAb 11E5 that was 
also specific for the B polypeptide of LT-IIb (data not 
shown). The hybrid holotoxin that failed to react with MAb 
against the B polypeptides in the immunoabsorption exper- 
iments also failed to react with MAb against the A polypep- 
tide in the solid-phase radioimmunoassays shown in Table 2. 
These results were confirmed in several experiments using 
independently derived constructs for expression of the 
LTp-I A polypeptide and the LT-IIb B polypeptide. 

Previous studies reported that GM1 is the preferred gan- 
glioside receptor for LT-I (13) and that LT-IIa and LT-IIb 
preferentially bind to the gangliosides GDlb and GDla, 
respectively (11). To confirm that the B polypeptides deter- 
mine ganglioside-binding specificity for both type I and type 
II heat-labile enterotoxins, extracts from strains used for the 
complementation tests were tested in solid-phase radioim- 
munoassays to determine the relative binding activities of 
the corresponding hybrid holotoxins for GM1, GDla, and 
GDlb (Fig. 1). In each case, the B polypeptide of the hybrid 
holotoxin determined its ganglioside-binding specificity. Hy- 
brid holotoxins containing A polypeptides of LTp-I and B 
polypeptides of LT-IIa or LT-IIb were not tested, because 
we were unable to detect them in ganglioside-binding solid- 
phase radioimmunoassays with anti-A MAb. 

Finally, the ability of various combinations of A and B 
polypeptides to form holotoxins in vitro was examined 
(Table 4). Previous studies demonstrated that mixtures of 
denatured A and B polypeptides of type I enterotoxins in 
urea can renaturc into active holotoxin when the urea is 
slowly removed by dialysis (16, 44), but holotoxin is not 
formed when the A and B subunits arc simply mixed 
together in aqueous solutions at neutral pH (44). We con- 
firmed these findings for mixtures of A and B polypeptides 
from LTp-I. Unexpectedly, wc found that toxic, immuno- 



rcactive holotoxins formed spontaneously in mixtures of 
extracts containing any combination of A and B polypep- 
tides of LT-I la and LT-IIb, without subjecting them to 
denaturation in urea and dialysis. Furthermore, type II 
holotoxins also formed when extracts containing A polypep- 
tides were added to ganglioside-coated wells to which B 
polypeptides had previously been adsorbed. Hybrid holotox- 
ins were not formed from any mixture that combined a type 

I A polypeptide with a type II B polypeptide, or vice versa. 
These data demonstrated that the requirements for assembly 
of type II enterotoxins differ significantly from those re- 
quired for assembly of type I toxins. 

DISCUSSION 

The assembly of multimeric proteins such as heat-labile 
enterotoxins requires the interaction of complementary do- 
mains of the constituent subunits and is dependent on 
subunit conformation (34). Recently, the three-dimensional 
structure of LTp-I was solved by X-ray diffraction (43). The 
A2 domain of LTp-I is inserted into a pore formed at the 
center of the B pentamer, and the A2 domain interacts 
noncovalently with alpha helical domains of the B polypep- 
tides to form holotoxin. Since LT-I and CT are highly 
homologous in these regions of their A and B polypeptides, 
it is not surprising that hybrid holotoxins composed of 
purified LT-I and CT subunits can form stable and biologi- 
cally active molecules. Experiments presented in this paper 
demonstrate that hybrid holotoxins comprised of type I and 

II subunits also can be formed, although the A2 domains of 
type I and II enterotoxins show only moderate amino acid 
sequence homology and the B polypeptides of type I and II 
enterotoxins have little, if any, significant homology. The 
data suggest that type I and type II toxins have common 
structural features that are required for holotoxin assembly 
but are not readily apparent from their primary amino acid 
sequences. 

Hybrid toxins were expressed from strains containing all 



TABLE 4. In vitro formation of biologically active holotoxin in 
mixtures of extracts containing A and B subunits 



Toxin composition* 
Subunit A Subunit B 


Immunoreactivity 
(u,g/ml)* 


Cytotoxicity* 


LT-IIa 




0 




LT-IIb 




0 




LT-I 




0 






LT-I 


0 






LT-IIa 


0 






LT-IIb 


0 




LT-IIa 


LT-IIa 


2.0 


+ 


LT-IIb 


LT-IIb 


1.9 




LT-IIa 


LT-IIb 


2.8 


+ 


LT-IIb 


LT-IIa 


12.5 


+ 


LT-I 


LT-Ita 


0 




LT-I 


LT-IIb 


0 




LT-IIa 


LT-I 


0 




LT-IIb 


LT-I 


0 





a Equal volumes (10 to 50 nl) of polymyxin B sulfate extracts from strains 
expressing LT-U A or B subunits were mixed and incubated for 10 min at 37°C 
prior to ihe solid-phase radioimmunoassay assay for holotoxin or the Yl 
adrenal cell assay for cytotoxicity (29). 

Specificities of the MAb used in the solid-phase radioimmunoassay: MAb 
4B6 (LT-1) (2), MAb 5C5 (LT-lla) ( and MAb 19G5 (LT-IIb). 

' The mixture caused cither a +4 rounding response ( + ) or no rounding (-) 
in a Yl adrenal cell o totoxicity assay. 
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FIG. 1. Relative ganglioside-binding activities of toxins formed from homologous and heterologous combinations of A and B subunits from 
E. colt type I and type II enterotoxins. (A) Both A and B polypeptides from LT-IIa; (B) A polypeptide from LT-IIb and B polypeptide from 
LT-IIa; (C) both A and B polypeptides from LT-IIb; (D) A polypeptide from LT-IIa and B polypeptide from LT-Hb; (E) both A and B 
polypeptides from LTp-I; (F) A polypeptide from LT-IIa and B polypeptide from LTp-I; (G) A polypeptide from LT-IIb and B polypeptide 
from LTp-I. +, GM1; A, GDla; O, GDlb. 



pairwise combinations of A and B genes from type I and type 
II cnterotoxins on complementary plasmids or in operon 
fusions. The hybrid cnterotoxins were usually detected in 
smaller amounts than the wild-type toxins containing A and B 
subunits, both in strains with complementing plasmids and in 
strains expressing both toxin subunits from a single operon 
fusion. Previous investigations have shown that prior treat- 
ment with trypsin was necessary to obtain the fully nicked 
form of purified LT-IIb toxin and to demonstrate its maximal 
toxicity (15). Attempts by Western blotting (immunoblotting) 
to determine the degree of nicking in these hybrid toxins were 



inconclusive, and treatment of the crude extracts with trypsin 
did not increase their toxicity (data not shown). 

Extracts containing LTp-I A polypeptides and either LT- 
IIa or LT-IIb B polypeptides were slightly toxic on Yl cells, 
but immunorcactive toxin was not demonstrated with any 
MAb among several that were specific for the A subunit of 
LTp-I or the B subunit of LT-IIa or LT-IIb. It is possible that 
specific epitopes on these particular hybrid toxins are con- 
formational^ altered or obscured. Alternatively, these par- 
ticular hybrid toxins may be highly toxic but expressed at 
levels that arc below the limit of sensitivity of the solid-phase 
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FIG. 1 — Continued. 



radioimmunoassays used in our experiments (approximately 
100 pg per assay). 

To demonstrate that the B polypeptides of type II enter- 
otoxins determine their ganglioside-binding activity and to 
investigate the effects, if any, of different A polypeptides in 
modifying the ganglioside-binding activity or specificity of 
the B polypeptides in hybrid holotoxins, we studied the 
ganglioside-binding activities of all of the wild-type and 
hybrid holotoxins that we prepared. Our results demon- 
strated that each of the hybrid toxins maintained the same 
preference for ganglioside-binding that was exhibited by the 
native hoiotoxin with the same B subunit. We conclude that 
the B subunits alone determine ganglioside-binding specific- 
ities for both LT-I and LT-U cnterotoxins. 

Assembly of type I cnterotoxins is thought to occur in a 
stepwise manner in vivo. The A polypeptides of type I 




Ganglioside (ng) 



enterotoxins do not assemble with mature B pentamers 
either in vivo or in vitro; instead, they appear to interact with 
an intermediate complex of B polypeptides (B„, where n is 
less than 5) (18). Assembly of type I holotoxins does occur in 
vitro when A polypeptides and monomeric B polypeptides 
are denatured in acidic urea and slowly renatured by dialysis 
against appropriate buffers (16, 44). In contrast, the experi- 
ments reported here demonstrated that either homologous or 
heterologous mixtures of A and B polypeptides of LT-IIa 
and LT-IIb assembled readily in vitro, without prior expo- 
sure to denaturing conditions, to form immunoreactive and 
biologically active holotoxins. Further experiments will be 
needed to investigate the kinetics and stoichiometry for 
assembly of purified subunits of type II enterotoxins in vitro 
and compare the pathways for assembly of type II entero- 
toxins in vivo and in vitro. 

In summary, all homologous and heterologous combina- 
tions of A and B polypeptides from type I and type II 
heat-labile enterotoxins are capable of assembling into active 
holotoxins in vivo, although not with equal efficiency. The 
data suggest that certain structural features necessary for 
interaction of A and B polypeptides during hoiotoxin assem- 
bly have been conserved among type I and type II entero- 
toxins, but these features are not evident from primary 
amino acid sequences. Determination of the three-dimen- 
sional structure of a representative type II enterotoxin is an 
important goal and will permit direct comparisons of the 
interactions between the A and B polypeptides in mature 
type I and type II heat-labile enterotoxins. 
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[57] ABSTRACT 

The present invention provides chimeric proteins such as 
Salivary Binding Protein (SBR) coupled to the B subunit of 
cholera toxin. Such a chimeric protein, when expressed in 
attenuated Salmonella typhy murium produces significant 
increases in serum IgG and salivary IgA antibody levels 
after oral immunization. In another embodiment of the 
present invention, the recombinant plasmid contains a sali- 
vary binding protein-cholera toxin A2/B chimeric protein 
expressed in E. coli. Intragastric immunization of SBR 
coupled to CTB in mis chimeric protein form leads to 
increased antigen responsive T cells. In another embodiment 
of the present invention, the recombinant plasmid contains 
a salivary binding protein-cholera toxin*' 41 chimeric protein 
expressed in Salmonella typhimurium. Oral immunization 
using this recombinant plasmid results in increased serum 
IgG responses to antigen. Oral immunization using this 
recombinant plasmid also resulted in increased salivary IgA 
antibody res; ji»ses to antigen. 
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MUCOSAL IMMUNOGENS FOR NOVEL is generally not associated with suppression but rather with 

VACCINES stimulation of protective secretory and serum antibody 

responses as well as cell-mediated immune responses. 

CROSS REFERENCE TO RELATED Initial adherence of Streptococcus mutans to tooth sur- 

APPLI CATION 5 faces appears to be mediated largely by the 167 kDa surface 

fibrillar adhesin known as Agl/II (synonyms: antigen B, PI, 

The present application claims priority to provisional Spal > ^ c y\^ adhesion domain that interacts with salivary 

application U.S. Ser. No. 60/024,074, filed Aug. 16, 1996, has ^cn located to the alanine-rich (A) repeat 

now abandoned. region in the N-terminal part of the molecule extending from 

DAriTDniiMn nr nir imrexmAM io lne surface probably in an a-helical conformation. 

BACKGROUND OF THE INVENTION c a- a i/ii * j* . j . i - j 

Studies on Agl/II indicated that rhesus monkeys immunized 

I Field of the Invention with 5. mutans and protection against dental caries mounted 

The present invention relates generally to the fields of antibody responses especially against the complete molecule 

molecular immunology and protein chemistry. More ralher thao a & ainst A 8 n - which corresponds to the 

specifically, the present invention relates to a novel mucosal is C-terminal one-third. These results were supported by the 

immunogens for use in novel vaccines. findia & ^ immunization with either complete Agl/II, or the 

2. Description of the Related Art ^TT"' (^P 0 *? 0 ? to tbc ^nninal 

r two-thirds), afforded protection against canes. Thus, one 

An oral immunization strategy is when the desired approach to immunization against 5. mu/fl/is-induced dental 

mucosal immunogen is genetically fused to the A2 subunit 2Q caries be based upon the generation of an appropriate 

of cholera toxin (CT) that mediates association with the B antibody response in the saliva that would inhibit the adher- 

subunit of CT, a potent immunoenhancing agent. An antigen ence of s ^ /flns t0 sur f a ces. Human secretory IgA 

selected for evaluating the oral immunogenicity of such (S-IgA) antibodies to Agl/II inhibit such adherence, 

non-toxic CTA2/B-based constructs is the saliva-binding However, S-IgA anUbodies in saliva and other secretions are 

region (SBR) of the Agl/H adhesin from the oral bacterium ^ oot effectively induced by conventional parenteral immuni- 

Streptococcus mutans. The SBR genetically linked to CTA2/ zation 

B, designated SBR-CT** 1 , was found to be immunogenic by S -IgA antibodies are most effectively induced by stimu- 

the oral route and elicited high levels of secretory — - lati ^ common mucosal immuoe fof e { 

globulin A (S-IgA) and seaim IgG anUbodies to Agl/II. by enteric immunization whicn tbe gut-associated 

Despite its great importance for mucosal defense, the 30 lymphoid tissues including the Peyer's patches (PP) of the 
S-IgAantibody response isoften of relatively short duration, sma ji intestine. Considerable attention has been given to the 
lasting from a few weeks in experimental animals to a few development of improved procedures for the oral delivery of 
months in humans. Moreover, whether the secretory vaccines, one of which is coupling antigens to the nontoxic 
immune system is capable of anamnestic immune responses binding B subunit of cholera toxin (CT), a safe and highly 
has been debated, but recent studies in mice and humans 35 immunogenic protein in humans. CTB, because of its avid 
have addressed the concept of immunological memory at the binding to G Ml ganglioside, present on all nucleated cell 
mucosal surfaces. Immunological memory can be mani- surfaces, is readily taken up by tbe M cells covering PP, and 
fested as a long-lasting immune response or as a faster and passed to the underlying immunocompetent cells which 
more vigorous anamnestic response to re-encounter with an initiate the mucosal IgA antibody response. Antigen- 
antigen. Adesirable vaccine characteristic is the induction of m stimulated IgA-committed B cells, and corresponding T 
prolonged immune responses, especially when the patho- helper cells, then emigrate via draining lymphatics to the 
genie organism is frequently encountered at mucosal mesenteric lymph nodes (MLN) and thence via the thoracic 
surfaces, in which case a continuing level of immunity may duct to the circulation before relocating in the effector sites 
be necessary. of mucosal immunity, such as the salivary glands. Terminal 

IgA antibodies in external secretions protect mucosal 45 differentiation of B cells into IgA-secreting plasma cells 

surfaces, e.g., of the gastrointestinal and respiratory tracts, occurs here and their product, polymeric IgA is transported 

by blocking microbial adherence and colonization. Oral through the glandular epithelium to form S-IgA Other 

administration of vaccines can result in the induction of antigens can be coupled to CTB to generate strong mucosal 

secretory immune responses after uptake of the antigen by IgA antibody responses to the desired antigen and that intact 

the gut-associated lymphoid tissues, a major IgA inductive 50 CT, though toxic, serves as an adjuvant that enhances the 

site. However, most soluble proteins arc not only poor response to co-adrainislered antigens, 

immunogens when given orally but they may induce a state The expression of foreign genes encoding immunogens of 

of systemic unresponsiveness known as "oral tolerance". interest in avirulent derivatives of Salmonella typhimurium 

The experimental use of cholera toxin from Vibrio cholerae is used as a strategy to induce mucosal immune responses to 

or the related beat-labile enterotoxin from Escherichia coli 55 protein Ags which are usually poor oral immunogens when 

as mucosal adjuvants inhibit induction of oral tolerance and administered alone. Indeed, S. typhimurium appears to be an 

potentiates the immune responses to co-administcrcd protein effective antigen delivery system because of its ability to 

antigens. colonize the gut-associated lymphoid tissue where secretory 

Another strategy to overcome problems associated with IgA responses are initiated (1). Electron microscopy studies 

oral immunization (e.g., denaturation of the protein immu- 60 have shown that S. typhimurium preferentially interacts with 

nogens by gastric acid and digestive enzymes, limited the specialized antigen -sampling M cells overlying the Pcy- 

absorption by the intestinal mucosa, and clearance by er's patches in the GAIT (2). At these sites, antigenic 

peristalsis) as well as the need to purify a vaccine protein, stimulation of specific IgA-committed B cells results in their 

involves the use of avirulent derivatives of Salmonella migration to mucosal tissues where they differentiate into 

typhimurium as a vaccine delivery system with Iropism for 65 IgA-secreting plasma cells, with subsequent release of 

the gut-associated lymphoid tissues. Oral immunization with secretory IgA antibodies in external secretions (3). 'Itiese 

avirulent S. typhimurium expressing heterologous antigens antibodies play an important role in the defense of mucosal 
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surfaces, e.g., of the gaslrointestinat and respiratory tracts, subunils, which were compared for their ability to induce 
by inhibiting microbial adherence and colonization or inva- antibody responses to the expressed heterologous antigen 
sion (4). Depending on the species and host, Salmonella after oral or intranasal immunization of mice. Expression of 
organisms may disseminate to the spleen, the liver, and cloned immunogens in these systems Ls temperature- 
regional lymph nodes, take residence in macrophages, and 5 regulated, being optimal at 37° C, and the two clones 
thereby induce serum antibody and cellular immune produced similar levels of the streptococcal antigen. Both 
responses (1 ). clones were found to stimulate high levels of serum IgO and 

The issue of whether CTB alone has mucosal adjuvant mucosal IgA antibodies to the cloned immunogen. A con- 
properties has been questioned especially for oral immuni- sistent trend was observed towards higher mucosal IgA but 
zation (14, 19), although CTB confers a targeting property 10 lower serum IgG responses in the case of the S. typhimurium 
to Ags coupled to it because of its affinity for G^, ganglio- vector that co-cxprcsscd CTA2/B, a potential mucosal 
side receptors (20). If CTB possesses iramunoenbancing adjuvant, regardless of the route of administration. Also 
properties, other than its carrier/targeting effect, it could also noteworthy was the capacity of these an tigen-de livery sys- 
be useful as a Salmonella-expressed adjuvant, especially for tems to induce anamnestic mucosal and systemic responses 
proteins that arc poor immunogens even when delivered by 15 lo we cloned immunogen 15 weeks after the primary 
S. typhimurium. A commercially obtained CTB preparation, immunization, despite pre-existing immunity to the Salmo- 
lacking detectable cAMP-elevating capacity, was found to neIla vectors. Although the serum IgG response against the 
potentiate in vitro antibody production against an unrelated Salmonella vector was characterized by a high IgG2a/IgGl 
protein antigen by stimulating the antigen T presenting fiinc- ratio (indicative of the Thl/Th2 profile), a mixed IgGl and 
tion of splenic adherent cells through enhanced IL-1 pro- 20 IgG2a pattern was observed for the carried heterologous 
duction (21). An enhancing effect on antigen presentation by antigen, which displayed a dominant IgGl response when 
macrophages was also demonstrated for recombinant administered as a purified immunogen. The present inven- 
(r)CTB (22), which, moreover, up-regulates expression of tion indicates that the recombinant streptococcal antigen and 
MIIC class II molecules on B cells, which can also act as CTA2/B are strong immunogens when expressed by the 
antigen-presenting cells (23). The fact that commercially ?5 antigen-delivery system, and that CTA2/B may have an 
available CTB is contaminated with small but variable additional immunoenhancing activity in the mucosal corn- 
amounts of intact CT may explain conflicting reports on the partment besides its ability to target antigen uptake into the 
adjuvant capacity of CTB (14) as well as findings that mucosal inductive sites and, therefore, may be useful as a S. 
commercial CTB is superior to rCTB as an adjuvant for typhimurium-cioned adjuvant for co-expressed protein Ags. 
intranasal (i.n.) immunization (24, 25), 30 other and further aspects, features, and advantages of the 

The prior art is deficient in the lack of effective mucosal present invention will be apparent from the following 

immunogens, for use* in, e.g., a caries vaccine. The present description of the presently preferred embodiments of the 

invention fulfills this longstanding need and desire in the art. invention given for the purpose of disclosure. 

SUMMARY OF THE INVENTION 35 BRIEF DESCRIPTION OF THE DRAWINGS 

The present invention demonstrates that primary oral So that the matter in which the above-recited features, 

immunization of mice with a bacterial protein antigen advantages and objects of the invention, as well as others 

genetically coupled to the A2/B subunits of cholera toxin which will become clear, are attained and can be understood 

induced specific secretory immunoglobulin A and serum IgG ^ in detail, more , particular descriptions of the invention 

antibodies that persisted at substantial levels for at least 11 briefly summarized above may be had by reference to 

months. A subsequent single booster immunization did not certain embodiments thereof which are illustrated in the 

further enhance the antibody responses. I xmg-term antibody appended drawings. These drawings form a part of the 

persistence may be especially important in infections caused specification. It is to be noted, however, that the appended 

by common pathogens for which continuous immunity 4 j drawings illustrate preferred embodiments of the invention 

would be advantageous. and therefore are not to be considered limiting in their scope. 

The present invention further shows that a major adhesin FIGS. 1(A>-1(D) shows the persistence of scrum IgG 

from the oral pathogen Streptococcus mutans is mucosally antibody to Agl/II and CT after peroral immunization of 

immunogenic upon genetic fusion with the cholera toxin mice with SBR-CT** 1 chimeric protein (~~) and a single 

A2/B subunits. To take advantage of the ability of Salmo- 50 booster immunization 11 months later (*). Mice were given 

nella typhimurium to deliver cloned antigens to the mucosal the immunogen in the presence (FIG. 1A and FIG. 1C) or 

inductive sites that would obviate the need for antigen absence FIG. IB and FIG. ID of CT adjuvant. Data are 

purification, this chimeric construct was expressed in an presented for each mouse individually, 

attenuated 5. typhimurium strain under the control of bac- FIGS. 2(A)-2(D) shows the duration of salivary IgA 

tenophage '17 transcription. Residual expression of the 55 antibody to Agl/II and CT following peroral immunization 

l.-mncralure-regulalcd T7 RNA polymerase at 30° C. of mice with SBR-CT^* 1 chimeric protein ( ) and a single 

■i!o*cd production of the chimeric protein at 2-3% of the booster immunization LI months later (*). Mice were given 

tot il soluble protein, but it was increased 5-6 times follow- the immunogen in the presence FIG. 2A and FIG. 2C or 

ing induction at 37° C. Oral administration of a single dose absence FIG. 2R and FIG. 2D of CT adjuvant. Data are 

ol 10 recombinant Salmonella to mice resulted in serum ^ presented for each mouse individually 

IgG and salivary IgA antibody responses to Salmonella, |; lG . 3 shows the SDS-PAGE analysis of inclusion bodies 

cholera toxin, and the streptococcal adhesin, which were produccd undcr diffcrem induction conditions Dy s , h _ 

generally enhanced alter a booster immunization. 'murium expressing the SHR-CT" 1 chimeric protein A 

ITic present invention also discloses an avimlcnt Salmo- related strain lacking SBR-CT" 1 was used as a negative 

nella typhimurium vaccine strain expressing a streptococcal 65 control. Two prominent bands migrating at about 60 kDa 

protein adhesin, and a similar clone which produces the and about 14 kDa present in the expressing strain after 42° 

same streptococcal antigen linked to the cholera toxin A2/B C. induction (and to a lesser extent after 37° (\ induction) 
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correspond lo (he Mr of SBR-CTA2 and CTB (monomer), Data represent geometric means x/(SD of 5 to 6 mice. For 

respectively. Inc CTB component of purified SBR-CT" 1 clarity only the upper or lower SD bars arc shown, 

ran relatively faster (Mr~l 1.5 kDa) due to processing of the FIGS. 10(A>-10(Q shows the scrum IgG (FIG. 10A), 

precursor polypeptide by signal peptidase during transport to saJivary IgA (FIG. 10B), and intestinal IgA (FIG 10Q 

the periplasms space, while an additional band from SBR- 5 antibody responses to CT and S. typhimurium vector after 

CTA2 may represent a degradation product. ora i immunization Q of mice with SBR- or SBR-CT** 1 - 

FIGS. 4(A)-4(B) shows the scrum IgG FIG. 4A and producing Salmonella clones on weeks 0 and 15. Mice were 

salivary IgA FIG. 4B antibody responses to S. typhimurium immunized with two doses of 10 9 CFU of the appropriate 5. 

and cloned antigens in mice orally immunized with 10 g typhimurium clone during week 0, and were given a single 

bacteria on weeks 0 and 7 Q. Immune response data for 10 dose of 10 10 CFU 15 weeks later. Results are shown as 

weeks 5 F 8 and 10 represent geometric means x/+ standard geometric means x/+ SD of 5 to 6 mice. Data for weeks 3 

deviation of Gve mice. Pooled samples were assayed at other to 7 (FIGS. 10B and 10Q were obtained by assaying pooled 

time points. samples from 5 to 6 mice per corresponding group. For 

FIGS. 5(A)-5(B) show the scrum IgG FIG. 5A and clarity only the upper or lower SD bars are shown, 

salivary IgA FIG. 5B antibody responses to Agl/II in unim- 15 FIGS. 11(A)-11(B) shows the serum IgG antibody 

munized mice and mice immunized once, twice, or three responses to Agl/II (FIG. 11 A) and CT and Salmonella 

limes with SBR, SBR-CTA2/B, or SBR-CTA2/B plus CT vector (FIG. 11B) in mice immunized Q by the i.n. route on 

adjuvant. Immunizations were given on days 0, 10, and 20, weeks 0 and 15 with SBR- or SBR-CT^ Expressing S.ty- 

and samples were collected 10 days after each phimurium clones. During week 0 mice were immunized 

immunization, i.e., on days 0 (unimmunized mice), 10 (one 20 with three doses of 10 8 CFU of the appropriate S. typhimu- 

dose), 20 (2 doses), or 30 (3 doses). Results shown are rium clone and 15 weeks later they were given a single dose 

mean+/-SD of samples from 3 animals analysed separately. of 10 9 CFU. Data arc expressed as the geometric means 

Salivary IgA antibodies were below detectable levels (<0.1 x/(SD of 6 mice. 

fig/mi) on days 0 and 10, and are shown at this level in (b). FIGS. 12(A)-12(C) shows the salivary IgA antibody 

FIG. 6 shows the proliferative responses of cells from PP, responses to Agl/II in mice orally immunized Q on weeks 

MLN, and spleens of unimmunized (control) mice and mice 0 and 15 with SBR- or SBR-CI^ '-expressing S.typhimu- 

tm munized once, twice, or three times with SBR, SBR- rium. During week 0 mice were immunized with one FIG. 

CTA2/B, or SBR-CTA2/B plus CT adjuvant, cultured in 12A, two FIG. L2B, or three FIG. 12C doses of 10* CFU of 

vitro with Agl/I I. Results shown are mean stimulation indi- the appropriate S. typhimurium clone. At 15 weeks the 

ccs of 3 replicate cultures; SD values ranged from -0.04 to animals were given a single dose of 10 10 CFU. Results are 

-0 95. the geometric means x/(SD of 5 to 6 mice. Data for weeks 

FIG. 7 shows the phenotypn: iJtvilysis of cells from PP, 3, 5, and 7 in groups which received one or two primary 

MLN, peripheral blood, and spt en cf unimmunized mice doses, were obtained by assaying pooled samples from 5 to 

and mice immunized once, twice, or three times with SBR, 3S 6 mice P*^ corresponding group. 

SBR-CTA2/B, or SBR-CTA2/B plus CT adjuvant. Each FIGS. 13(A)-13(B) shows the salivary IgA antibody 

'pie* shows the proportions of CD4*, CD8% and CD3" responses to Agl/II (FIG. 13A) and CT and Salmonella 

(non-T) cells as a percentage of total gated mononuclear vector (FIG. 13B) after i.n. immunization O of mice on 

cells determined by flow cytometry* starting with unimmu- weeks 0 and 15 with SBR- or SBR-CT^-expressing 5. 

nized mice (center of each 'pie'), and proceeding outwards ^ typhimurium clones. During weekO mice were immunized 

in concentric rings with mice immunized once, twice, or with three doses of 10 8 CFU of the appropriate S. typhimu- 

three times. Numbers within the rings are the % of each rium clone and 15 weeks later they were given a single dose 

phenotype of cells (for clarity, CDS* cell data are shown of 10 9 CFU. Data represent geometric means x/(SD of 6 

outside the * pics' in descending order: 0, 1, 2, and 3 doses); mice. 

the value shown for MLN from mice immunized once with 45 FIGS. 14(A)-14(B) shows the serum IgG FIG; 14A and 

SBR (marked as "51?") was not obtained experimentally, salivary IgA FIG. 14B antibody levels to Agl/II induced by 

but was inserted for plotting purposes as the average of the either i.n. or i.g. immunization O of mice on weeks 0 and 

values either side of it. The numbers in each ring of a 'pie' 15 with 5. typhimurium expressing SBR alone or SBR- 

do not sum to exactly 100%, because of the presence of CT** 1 chimeric protein. The animals were given a single 

some CD4 /CD8" ("double-negative") CD3 + T cells, and 50 primary immunization of 10 9 CFU (i.n.) or 10*° CFU (i.g.) 

possibly some CD47CD8* ("double -positive") T cells in followed by a booster immunization with the same dose 15 

each cell preparation. weeks later. Data were obtained by assaying pooled samples 

FIG. 8A shows a schematic representation of the plasmids from 3 mice per corresponding group, 

used to transform SBR-CP^'-or SBR-cxprcssing S. typh- FIGS. 15(A)-15(C) shows the intestinal IgA antibody 

imurium clones. FIG. 8B shows a western blotting of cell 55 responses to Agl/II in mice orally immunized Q on weeks 

lysales from the SBR-CT^-and the SBR-producing clones 0 and 15 with S. typhimurium clones expressing SBR or 

using antibodies to SBR delected the SBR-CTA2 fusion SBR-CT 0 * 1 . During week 0 mice were immunized with one 

protein and the SBR, respectively. 1 "he control lane is a FIG. I5A, two FIG. 15B, or three FIG. 15C doses of 10 9 

lysale from a clone transformed with the pGPl-2 piasmid CFU of the appropriate S. typhimurium clone. At 15 weeks 

on *y* 60 the animals were given a single dose of 10 10 CFU. Results 

FIGS. 9(A)-9(C) shows the scrum IgG antibody are the geometric means x/(SD of 5 to 6 mice. Data for 

responses to native Agl/II in mice orally immunized (~) on weeks 5 and 7 were obtained by assaying pooled samples 

weeks 0 and 15 with SBR- or SBR-Cr** 1 -expressing S. from 5 to 6 mice per corresponding group. 

typhimurium clones. During week 0 mice were immunized FIGS. 16(A)-16(B) shows the intestinal IgA antibody 

with one FIG. 9A T two FIG. 9B, or three FIG. 9C doses of 65 responses to Agl/II (FIG. 16A) and CT and S. typhimurium 

I0 W CFU of the appropriate X. typhimurium clone. At 15 (FIG. I6B) after i.n. immunization O of mice on weeks 0 

weeks the animals were given a single dose of 10'° CFU. and 15 with S. typhimurium vectors producing SBR alone or 
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SBR-C I chimeric molecule. During week 0 mice were 
immunized with three doses of 10" CFU of ihc appropriate 
S. typhununum clone and 15 weeks later they were given a 

S?tK ^ ClV Da ' a rCprCSCn ' S^^tric means 

x/(i>V ot 6 mice. 

a mV 17 ? h0,W ' he SCrum ,gG an,ibod y responses to native 
Agl/II in mtranasally immunized raLs. The animals were 
immunized three times at 14-day iniervals with 25 uo of 
recombinant B subunit of cholera toxin (rCTB) or with 50 tm 
of the appropriate immiinogcn genetically or chemically 
linked to rCTB (see group definition) in the presence or 
absence of an adjuvant amount (1 ^g) of cholera toxin (CT) 
Data are from samples obtained two weeks after the last 

d3or;sD). and represen, gcome,ric 

FIG. 18 shows the serum IgG antibody responses to 
recombinant SBR (42-kDa saliva-binding region at the 
N-termmal of Agl/II) in intranasally immunized rats. The 
uimab were immunized three times at 14^ay intervals 
with 25 n of rCTB or with 50 ftg of the appropriate 
immunogen genetically or chemically linked to rCTB (see 
group definitions) in the presence or absence of an adjuvant 
amount (I m ) of CT. Data are from samples obtained two 
mc^SrT laSl LmmUnization and re P"^"t geometric 

FIG. 19 shows the serum IgG antibody responses to Agll 
(C-terminal one-third of Agl/II) in intranasally immured 
rats. Ilie animals were immunized three times at 14-dav 
intervals with 25/igof rCTB or with 50^g of the appropriate 
immunogen genetically or chemically linked to rCTB in the 
presence or absence of ao adjuvant amount (1 as) of CT. 
Data arc from samples obtained two weeks after the last 
immunization and represent means±SD. 

FIG. 20 shows the serum IgG antibody responses to CT in 
intranasally immunized rats. The animals were immunized 
three limes at 14-day intervals with 25 fig of rCTB or with 
? a PP ro P riate immunogen genetically or chemi- 
cally linked to rCTB (see group definition) in the presence 
or absence of an adjuvant amount (1 Mg ) of CT. Data are 
from samples obtained two weeks after the last immuniza- 
tion and represent geometric means±SD. 

na .^ G A 21 ,/, S , hOWS ' be ***** IgA an,ibod y "*P°nses to 
nat.ve Agl/II ,n mtranasally immunized rats. ThTanimals 

were immtmt'ra.rt * * ■ 



oSwlT 0 " 01 , 0 «> ° f CT Da,a are f ™ ""Pies 
obtained two weeks after the last immunization and repre- 
sent geometric means±SO. 

in i^^clT 5 ^ " Uva,y ,gA antiboc, y res P° 0S <* to CT 
V Unmumzed The animals were immu- 
™*n27^ ^ay intervals with ZS^gofrCTB or 
h -if*.?. a PP">pnate immunogen genetically or 
chemically hnked to rCTB (see group definition) £ £ 
presence or absence of an adjuvant amount (1 ug) of CT 
Data are from samples obtained two weeks after the last 
immunization and represent geometric means±SD 
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INF 
B 

B/CT 

CHIM 

CHTM/CT 

SBR/B 

SBR/B/CT 

DVB 

H/B/CT 

I/II/B 

i/ii/B/cr 



Unimrnunized controls 
rCTB 

rCTB + CT 
SBR-CT** 1 
SBWCT 4 ^ +CT 
SBR-rCTB 
SBR-rCTB + CT 
AgH-rCTB 
Agft-rCTB + CT 
AgWr-rCTB 
Agl/II-rCTB + CT 
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The following abbreviations may be used herein: GALT 
gm-associatcd lymphoid tissue; CT: cholera toxin; CTA2/B 
cholen Uoxuj , subunitsA2/B; CTB: cholera toxin subunit B; 
rCTB.recombinant CTB; i.n, intranasal; i.g.: intragastric 

As used hc. re i„ the term "fusion protein" refers to a single 
cmUgMoiis protem produced by the expression of DNA 
sequences for one protein fused to DNA sequences encoding 
a different protem. 

As used herein, the term "chimeric protein" refers to a 
tusion protem assembled with a different protein 

The present invention is directed to a composition of 
matter comprising a novel plasmid for use as a mucosal 
immunogen to prevent or inhibit the formation of dental 
were immunized three times M^^^F? ^t^^^- 9 ^ CX P rcsscs a cbi ™™ pro- 
of recombmant B subunit of cholera toxin (rCTB) or wS 50 45 In^v that induces long term 

^oftheappropriateimmunogengeneticauVorcnen^Suv S .T'T ° f ' hc chimeric P ro * in » 

linked to rCTB (see group definition) in the prS^ or T P S° ,0g,CaJ tempcnttuics, i.e.. 37* C 

absence of an adjuvant amount (1 m ) of cholera toxin (CT) „ rllT Cmbodlme[ " of P**?nt invention, the chimeric 

«, m „.„ . b > . xm V- V- protem immunogen is constructed by fusing a large seement 

trom Streptococcus mutans surface protein (Agl/II) to the 
A2 subunit of cholera toxin, and assembling ,h s wi£ 
cholera lox.n R subuniLs to form the chimeric protein thE 
animak were immunized .hr^n^TuX "i^e'rJak « SrS^r ? ^f^^' °' SBR - CT ** 1 - The latter des- 
wth 25 « of rCTB or with 50 „ of the a^pria.e * S" ^ ^ f " 0n A1 - b -j> °f cholera toxin 
.mmunogen genetically or chemically linked to rCTfi 1 (see SS™r ,5 . «-mni.n-ni) r r „ m the lic 

group definition) in the presence or absence of anYdju™, S w^ ^Tr " ™ ^«<-CTA2/B» is a 
amount (1 „g) of CI'. Data are samples obtained ,JS 7^," foi ,K "'^ neric P^'"- 

after the last immmunization and represent geometric m an H u * , ^ . FA2/B WaS P ro ' lu ^ » Escherichia coti, 
mca "«SI>- georactne 60 and the pur. Led chimeric protein, w.i, immunogenic by oral 

IKi. 23 shows the salivary IgA antibody responses to L"*? admi "f «<ion with the generation of scrum 
Agll (C-terminal one-.hir,. of^l) in in.^X" " - ^IZTT? ^ r"" ^ UP *° 31 lMSl 1 1 
mzed rats. ITk animaLs were immunized three Les at 3 , , dUrMM " ° f is novel, 

,l4..ay intervals with 25 w of rC.'B or w th S th c 65 lS« T l."''^ " CXP ? iC,Cd - ^ SIabl «"-"' «t -S- 

W«c immunogen gcncically or chemically^ ^d t " ^ J, * " ^ MM "> a case for The 

-ni ( ..e S ro Up de 1 . nili((n)int he P re..nceora,se„ceolan 



--j- v> oi cnoicra toxin LI1. 

Data arc samples obtained two weeks after the last immu- 
nization and represent geometric meanssSD. 

HG 22 shows the salivary IgA antibody responses to 
recombinant SBR (42-kDa saliva-binding region at the 
N-tcrminal of Agl/II) in intranasally immunized raLs The 

animal*; us»>r*> i .l " 



6,030,624 

9 10 

widely held that memory ls limited in (he mucosal immune vaccines using zona pellucida antigens; g) vaccine against 

system. The chimeric protein of the present invention, when respiratory syncytial virus; h) generation of "oral tolerance" 

expressed in attenuated Salmonella typhimurium produces to auto-antigens (auto-immune conditions); i) vaccines 

significant increases in serum IgG and salivary IgA antibody against mycoplasma infections; and j) vaccines against 

levels after oral immunization. 5 Staphylococcus aureus protein A. 

A second embodiment of the present invention Ls the In yet another embodiment, the vaccine construction 

expression of SBR-CTA2/B in Salmonella typhimurium for technology of the present invention can be used to generate 

delivery in a live carrier (attenuated) organism. The advan- immunity mediated by so-called cytotoxic T cells instead of 

tages of this construct are that there is no need to purify the antibodies. This methodology would have applications espc- 

product, and that a slightly different spectrum of immune i« c j a Hy against viral infections 

66 ° blaiDCd ' benCflCial appUcatioQS in Thus, the present invention is directed to a plasmid 

capable of replication in a host which comprises, in operable 

In another embodiment of the present invention, the linkage: 

recombinant plasmid contains a salivary binding protein- a) ao origin of replication; b) a promoter; and c) DNA 

cholera oxin A2/B chimeric protein expressed in £. colL 15 ^ m cncodiflg the & J b J{ { of cholera fa 

Intragastric Lmmunizat.on of salivary binding protein addition , the plasmid may farther ^ DNAsequences 

coupled to CTB m this chimeric protein form leads to encoding sub unit B of cholera toxin fused to the A2 subunit 

increased antigen responsive T cells. of cnolcra toxio 0ne such prcferred plasmid fe pCrA1 

In another embodiment of the present invention, the 2Q (deposited with ATCC, 10801 University Blvd., Manassas, 

recombinant plasmid contains a salivary binding protein- Va. 20110-2209 on May 4, 1999, designation PTA-4). In 

cholera toxin** 1 chimeric protein expressed in Salmonella another embodiment, the plasmid further comprises salivary 

typhimurium. Oral immunization using this recombinant binding protein (SBR) from Streptococcus mutans surface 

plasmid results in increased serum IgG responses to antigen. protein (Agl/II) fused to the A2 subunit of cholera toxin. 

Oral immunization using this recombinant plasmid also 25 One such preferred plasmid is designated pSBR-CTA2/B or 

resulted in increased salivary IgA antibody responses to pSBR-CT" 1 (deposited with ATCC, 10801 University 

anti g eo - Blvd., Manassas, Va. 20110-2209 on May 4, 1999, desig- 

There are many potential uses for the technology of the nation PTA-5). 
present invention in mucosal vaccine development. The In another embodiment, the present invention is directed 
basic method is amenable to almost any other protein 30 to a plasmid capable of replication in a host which 
antigen that can be cloned and inserted into the construct comprises, in operable linkage: a) an origin of replication; b) 
instead of SBR. For example, a protein antigen from Strep- a promoter; and c) DNAsequences encoding the A2 subunit 
tococeus pneumoniae can be used to make a potential of cholera toxin, further comprising DMA sequences encod- 
vaccine against pneumonia. Similarly, constructs from ing an antigen of interest fused to DNA sequences encoding 
group A streptococcal proteins or a vaccine against Helico- 35 the A2 subunit of cholera toxin. In addition, there is provided 
bacter pylori can be prepared using the methodology dis- a capable of replication in a host which comprises, in 
closed in the instant specification. Various applications of operable linkage: a) an origin of replication; b) a promoter; 
the present invention can be incorporated into commercial and c) DNA sequences encoding the A2 subunit of cholera 
products, i.e., vaccines for. the generation of immune toxin further comprising DNAsequences encoding an anti- 
responses that would afford protection against infections, or 40 gen of interest fused to DNA sequences* encoding the A2 
various modifications of the immune response. These are subunit of cholera toxin. This plasmid may further corn- 
based on the use of CTA2/B chimeric proteins that include prises salivary binding protein (SBR) from Streptococcus 
protein segments from a variety of microorganisms, mutans surface protein (Agl/II) fused to the A2 subunit of 
intended for administration orally or intranasally, or possibly cholera toxin. The present invention also relates to chimeric 
by other mucosal routes (e.g., rectally or intra-vaginally). 45 proteins and fusion proteins produced by the plasmids of the 

For example, one may prepare vaccines to generate present invention, 

immunity to the organisms responsible for dental caries, i.e., In another embodiment, the present invention is directed 

the "mutans** streptococci (Streptococcus mutans and Strep- lo an attenuated bacterial strain containing a plasmid of the 

tococeus sobrinus). This is based on the saliva-binding present invention. In a preferred embodiment, the bacterial 

region of 5. mutans Agl/II, as described above. Secondly, 50 strain is Salmonella. 

one may prepare vaccines against Streptococcus pyogenes In another embodiment, the present invention is directed 

("strep, throat and its sequelae including acute rheumatic to a method of producing an immune response to a protein 

fever and acute glomerulonephritis, scarlatina, streptococcal antigen of interest in an individual in need of such treatment, 

toxic shock, and other infections). Further, one may prepare: comprising the step of administereing to said individual a' 

vaccines against Streptococcus pneumoniae (pneumococcal 55 pharmacologically effective dose of a chimeric protein of the 

pneumonia, otitis media, meningitis) using sequences from present invention. The protein may be administered by a 

pneumococal surface proten A(PspA), vaccines against: a) route selected from the group consisting of orally, 

neisseria meningitidis (meningococcal meningitis, otitis intranasally, intrarcclally, intravaginaily, intramuscularly! 

media) using neisscrial surface protein A (NspA-mcn); b) and subcutaneously. Preferably, the immune response results 

Neisseria gonorrhoeae (gonorrhea) using neisscrial surface 60 in the production of antibodies to the protein antigen 

protein A (NspA-gon); c) Streptococcus pneumoniae sequence in a bodily fluid selected from the group consisting 

(pneumococcal pneumonia, otitis media, meningitis) using of saliva, intestinal secretions, respiratory secretions, genital 

other pneumococcal protein antigen; d) vaccines against secretions, tears, milk and blood. Preferably, the immune 

Streptococcus equi ("strangles" in horses) using a Strepto- response Is selected from the group consisting of develop- 

crocus equi surface protein; e) vaccines against influenza (>5 ment of antigen-specific T cells in the circulation and tissues 

virus Helicobacter pylori (gastric ulcer), respiratory palho- of said individual, the development of cytotoxic T cells and 

gens including Pseudomonas aeruginosa, f) contraceptive immunological tolerance to the protein antigen sequence. 
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The following examples arc given for the purpose of enhanced anamnestic IgG response to Agl/II which was 13 

illustrating various embodiments of the invention and arc limes higher than observed immediately prior to the boost 

not meant to limit the present invention in any fashion. (FIG. 1A). This finding suggests that anamnestic responses 

are not readily elicited in the presence of a relatively high 

EXAMPLE I 5 persist ing antibody response. As expected, naive mice devel- 

One object of the present invention was to demonstrate Tn * *°° T . L gG ^^^^"SL!?, Ag * / " ° f CT Up °° 

the duration of antibody responses to the Agl/II adhesin after chaUcDgC ^ ° nc dosc of SBR-CT** 1 . 

oral immunization of mice with SBR-CT** 1 about 1 year ^ cohanccd IgA anamnestic response was not 

earlier. One group consisted of five mice previously given ^served in these mice following the oral booster 

three doses of 100 fig of SBR-CT** 1 together with 5 /ig of 10 » mmuni/ - au °n» even when CT was used as an adjuvant 

intact CT as an adjuvant (except for animal #5 in F!GS. ( nGS M and 2C > Tracc lcvck of salivary antibody to 

1A/1C and FIGS. 2A/2C, the mice were given the dose Agl/II observed in two of the six naive mice were not altered 

adsorbed on Al(OH) 3 , which was shown to enhance serum afkr ^ s,n Sl e immunization, while the remaining 

IgG antibody responses after oral immunization). mice dkl not *™kp a °y salivary response. It appears that, 

A second group comprised three similarly treated mice 15 iZ^Z^T^^ ** """^ 7*°™ * 1? 

with the execpuon that they were immunized in the absence ^^fT on recruitment of memory cells 

ofmtactCT.Atodgroupcor^istmgofsk from Ae ^ 

• , ... , „ f . . whereas the gut lamina propria may possess an additional 

sham immunized with buffer only were used as naive e . j u r „ , 

. , c , \ ■ " source of memory represented by local memory cells that 

nZ^Jj^Z^n^ WCrC 1^ l \ 20 *B«n*to uTpbima cells UP on in situ acLtion by 
months after the last dose of the pnmary mjmunizaUon and adsorbed Vough mtestEal epithelial cells. This 
all three groups of mice were subsequently given 100 ug of . ^ . f . c " 
SBR-CT^ 1 by gastric intub.ticTcT adjust (5 ^g) was ^Tt^!t ,,,?DOiy T 
coadministered to those mice that had also received CT s T c Jt TanT* " rcnK>teeffeCtorS,,e 
during the primary immunization, and to half of the naive „ _„„ v «y g| • ... .. 
control animals. Samples of saliva and scrum were collected 25 SBR represents an Agl/D adherence domain that meddles 
again 7 days after the booster immunization and antibody ?! 'T^* TT tooth surfaces, 
responses were evaluated by EI.ISA on plates coated with S ' ,gA an V? >0{lieS f° mc wbole W molecute , mhiblt . S 
native Agl/II and CT. Unknown antibody concentrations adhereDCC "J^* 1 weU 38 5 - colonization 
were calibrated against mouse immunoglobulin reference „ jf Cntal T^o^ ^ VW °- ^ * ! 
serum standards assayed simultaneously in the same micro- 30 mfeCtS m0re 9 ? % °* mc human Potion ^ «n« 
titer plate. Results were evaluated by Student's t test using 18 * °°T^. T d « scase 'J he . contmuous presence of 
the Multistat program (Biosoft, Cambridge, UK) with a salivary S-IgA as well as serum-derived IgG antibodies may 
Macintosh computer. Differences were considered signifi- ta necess «y to suppress an organism that is continually 
cant at the P<0.05 level. present in the oral cavity. The present invention shows that 
e . . ,. . .' . " , ~ ,r,^o , * . «„v j 35 induction of long-term antibody responses is possible upon 
Substantia^ Hevels of senin, ' gG (FIGS. 1A and IB) and primary immunization with the SBR-CT" 1 chimeric pro- 
salivary IgA (FIGS. 2Aand 2B) anybodies to Agl/II and CT tem . ^ k rted b the ^ tha , ? 
pers^ed at least untd day 357, ahhough lower than unme- responsive T cells persist in cervical and mesLeric^ph 
d.ately after unmunization (day 28), even in m.ce that did nodes for now , 0 e|even monlhs rf^ ^^1^ This 

V r ^ V c a ,° D ,U , Va , 0 ^ ° f """u' CT (FIGS -- 18 aDd 10 40 immunization strategy applied to other mucosal infections 

phis FIGS. 2B and 2D). Durmg the same period, the six by ^ cuMatB ^^nogens to CT~\ may similariy 

sham-unmunized mice did not develop detectable serum or eUcit prolonged mucosal antibody responses. 

salivary antibody responses, except two animals that showed 

trace levels of salivary IgA to Agl/II (0.15 and 0.12 % EXAMPLE 2 

antibodyAotal IgA). However, the response of the sham- 45 Strain Construction 

immunized group (0.05 ±0.07% antibody/total IgA) was SBR-CT** 1 was expressed in 5. typhimurium BRD509, 
significantly less (P<0.05) than the salivary responses in an 310 A ~ aroD ~ vaccine strain after e lectro transform a - 
either of the immunized groups (0.82+0.56% antibody/total tion plasmids pSBR-CT^ 1 and pGP-1-2 using a gene 
IgA (FIG. 2A) and 0.51±0.27% antibody/total IgA (FIG. P ulser (Biorad, Richmond, Calif.) set at 2.5 kV, 25 juF, and 
2B)). The prolonged duration of antibody responses might 50 200 ° h ms. The for mer plasmid expresses SBR-CT^ 1 
be explained by persisting antigen providing continuous under the inducible control of the bacteriophage T7 
low-level stimulation of memory cells. The mechanism of promoter, while the latter provides a source of 17 RNA 
antigen persistence may involve follicular dendritic cells polymerase that is temperature-regulated. Specifically, the 
which bind antigen-antibody complexes via cell surface Fc ^7 RNA polymerase is under the control of the 1 P^ 
receptors and slowly release them over long periods. 55 promoter that is regulated by the cI857 temperature- 
Altematively, the existence of molecules cross-reacting with sensitive 1 repressor. Colonies transformed with both plas- 
Agl/ll (or cross-reactive cntcrotoxins in the case of CT) mitis were selected on L-agar plates (1% tryptone, 0.5% 
cannot be ruled out, although 5. mutans is not a natural yeast extract, 0.5% NaCl, 0.1% dextrose, 1.5% agar) supple- 
inhabitant of the murine oral cavity. mented with 50//g/mI carbenicillin plus 50^g/ral kanamy- 
A recall response was not observed in serum after the oral 60 cLn ( to for pSBR-CT"^ 1 and pGPl-2, respectively), 
booster immunization (FIGS. I A and 1C), as the antibody Informants were examined for the presence of plasmids 
responses to Agl/II and CT before and immediately after the w ! lh slzcs and 12 kilobascs > corresponding to the size 
booster immunization were not significantly different. How- of pSBR-CP* and pGPl-2, respectively, 
ever one mouse (#3 in FIG. 10) that had the lowest antibody EXAMPLE 3 
levels to CI' showed a remarkable 16-fold increase resulting 6S Target Protein Expression and Localization 
in a higher final response than was observed shortly after the Colonies positive for both pGP1-2 and pSBR-Cl^ 1 were 
primary immunization. This mouse also showed an grown at 30° C. in L-broth containing the appropriate 
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antibiotics and target gene expression was induced at mid- 
log phase by a temperature shift to 42° C. After 30 minutes 
the cultures were returned to 30° C. and incubation was 
continued for an additional 90 minutes. To determine 
expression of SBR-CT** 1 , whole -cell lysatcs were exam- 
ined by G M1 -ELISA for the presence of a G M1 gangliosidc- 
binding soluble protein that would react with polyclonal 
antibodies to CTB or Agl/II, or with a monoclonal antibody 
specific for the SBR of Agl/II. The insoluble pellet was then 
processed and possible inclusion bodies were isolated, so lu- 
bilizcd by boiling in sodium dodccyl sulfate (SDS) buffer 
(the amount used was proportional to the Onal absorb a nee at 
600 nm of the corresponding cultures), and samples (3 /d) 
analyzed by SDS-polyacrylamide gel electrophoresis (SDS- 
PAGE) on 12.5% gel. To determine whether SBR-CT^ 1 is 
transported to the periplasm, periplasm ic extracts were pre- 
pared by either the spheroplast formation method or by cold 
osmotic shock. The extracts obtained were essentially free of 
cytoplasmic contamination (-2%) as determined by assay- 
ing the activity of glucose-6-phosphate dehydrogenase, a 
cytoplasmic marker enzyme. The total protein content of the 
extracts was estimated by the bicinchoninic acid protein 
assay method (Pierce, Rockford, 111.) using bovine serum 
albumin as the standard. 

EXAMPLE 4 

Oral Immunization 

The bacteria were grown at 30° C. to an optical density at 
600 nm of 0.5-0.6, harvested by centrifugation, and resus- 
pended in a medium consisting of 4 parts Hank's balanced 
salt solution (Life Technologies Inc., Grand Island, N.Y.) 
and 1 part sodium bicarbonate (7.5% solution; Mediatech, 
Washington, D.C.). The number of bacteria in the suspen- 
sion was estimated by extrapolating from a growth curve 
and was confirmed by plating dilutions on L-agar plates 
(with or without the appropriate antibiotics) and enumerat- 
ing the colonies grown after overnight incubation at 30° C. 
The immunizing dose (10 9 colony-forming units in 0.25 ml) 
was administered to 10-week old BALB/c mice by intra- 
gastric intubation using a 22-gauge feeding tube (Popper and 
Sons Inc., Hyde Park, N.Y.). The animals were immunized 
on days 0 and 49 and sampled at weekly or bi-weekly 
intervals. Serum was obtained from tail vein blood samples 
and saliva was collected after stimulation of the salivary 
flow by intraperitoneal injection of 5 /ig carbachol. Serum 
IgG and salivary IgA antibodies were determined by ELISA 
on microtiter plates coated with Agl/II or G Afl ganglioside 
followed by CT, while total salivary IgA concentrations 
were assayed on plates coated with antibodies to mouse IgA. 
Peroxidase-conjugated antibodies to mouse IgG or IgA were 
used as detection reagents (Southern Biotechnology 
Associates, Birmingham, Ala.). The amount of antibody/ 
immunoglobulin in test samples was calculated by interpo- 
lation on standard curves generated using a mouse immu- 
noglobulin reference. serum and constructed by a computer 
program based on four parameter logistic algorithms 
(Softmax, Molecular Devices, Mcnlo Park, Calif.). Results 
were evaluated by Student's t test and differences were 
considered significant at the P<0.05 level. 

EXAMPLE 5 

Results 

Recombinant S. typkimurium BRD509 positive for both 
pCilM-2 and pSBR-CI^ 1 was shown to produce a protein 
that bound the -ganglioside receptor and possessed CTB 
and Agl/U epitopes, in contrast to the original BRD509 
strain or clones containing cither pGPl-2 or pSBR-CTI 1 ** 1 
alone (TABLE I). Since the pSBR-CI A/U encodes for the 



signal peptides of CTB and SBR-CTA2, it was of interest to 
determine whether the chimeric protein was transported into 
the periplasm where assembly of its components takes place. 

5 TABLE I 

G Mt Gaagtiosidc-btnding activity 
and antigenicity of soluble protein 
extracts* from recombinant S. typhimurium BRD5Q9 clones 

1 0 ELISA value* of clone 

extract developed with 



Plasm id 



20 



25 



30 



35 



Anti-CIU Anti-Agl/II Anti-SBR 



None 0.017 0.003 0.001 

pGPl-2 0.009 0.017 0.008 

pSBR-CT 4 * 1 0.02 0.013 0.004 

pGP-1-2 + pSBRCT 4 * 1 2.052 1.005 1.01 

a ** assayed at 20 //g total protein/ ml; b - mean optical density at 490 nm 

To examine this, a calibrated -ELISA standardized 
with purified SBR-CI** 1 was used to detect and quantify 
the chimeric protein in periplasmic and in whole -cell 
extracts under un induced and induced (temperature shift 
from 30° C. to 37° C or 42° C. for 30 minute) conditions. 
As shown in TABLE II, SBR-CT^ 1 was found in the 
periplasm of 5. typhimurium BRD509 (pGPl-2+pSBR- 
CT** 1 ) and of E. coli BL21(DE3) (pSBR-CT 4 * 1 ) which 
contains a chromosomal copy of the T7 RNA polymerase 
gene under the control of the lacUVS promoter. The chi- 
meric protein was not detected in the periplasm or whole- 
cell lysates of a negative control clone lacking pSBR-CF^ 1 * 
(TABLE II). Although cellular location of the foreign anti- 
gen may affect the immune response, secretion of a protein 
into the periplasm may enhance its stability by preventing 
degradation. 

. TABLE II 

Localization of SBR-CT^ 1 Chimeric Protein in the Periplasmtc Space 

40 Periplasmic fraction 

obtained by : 



Spheroplast Osmotic Whole Cell 



45 



50 



55 



Strain 


Induction 


formation 


Shock 


lysate 


E. coli BL21 (DE3) 
(pSBR-CT^ 


IPTG* 


271 b 


319 


99.7 










S. lyp. BRD509 


42° C 


0 


0 


0 


(pGPl-2) 






98.5 




S. typ. BRD509 


None 


77.3 


20.2 


(pGPl-2 + 










PSBR-CT^ 1 * 










S. typ. BRD509 


37* C 


239 


314 


119 


(pGPl-2 + 










pSBR-CT**^ 










S. typ. BRD509 


42° C. 


119 . 


123 


53.6 


(pGPl-2 + 










pSBR-CT** 1 * 











a *■ isopropyl-B-D-thiogalactoside 
b - /*g SBR-CT^/mg protein in the extracts 

Under uninduccd conditions, the chimeric protein was 
produced at about 20 u% per mg of total soluble protein 

60 (TABLE II) or 7-9 //g per 10 9 bacteria. This Gnding is likely 
due to residual expression of the '1*7 RNA polymerase. 
Indeed, the temperature-sensitive 1 repressor on pGPl-2 
does not lightly repress the 1 P, promoter which conse- 
quently allows low-level production of the polymerase at 

65 30° C. 'I "he amount of soluble chimeric protein increased 
several -fold following induction at 37° C, whereas at 42° C. 
the increase was minimal (TABLE II) with concomitant 
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tt£ir >C TnJt " ? hy f ^°^ al ^'ature and CTB wen: purchased fmm LLst Biological Laboratories 

opt"l P roducUon of soluble chimcnc prolcin may be inc. (Campbell Calif.) ""oraioncs. 

Recombinant S. lyphimurium expressing SBR-CT" 1 was s EXAMPI 0 7 

routinely grown under uninduccd conditions (30° C.) at Animals and Immunization ' 

which it showed optimal growth. Although the SBR-CT" 1 - ah..i. uai u, c t 

expressing 5. i^L strain does not pos^ a f ron ? l^r"" 06 i ? ^ ^ X " ? ^ °' d ' 

temperature-sensitive mutation, temperatures higher *an cZL^ ^ ^ ^ f ° r ex ^ rime ^- 

30° C. cause gradual induction of the highly^fficient T7 ? ^, 9 WCK immunlzcd '* 3 <i<nes at 10-day 

RNA polymerase which may interfere with gene transcrip- 10 "Tjf ^Id ^"f '^ aU °° ? f eiU,er SBR-CTA2/B (100 

tion by the host RNA polymerase. Additionally overexpres- ^ ^ SBR - CTA2 ' B l °8*<°« wttb 5 //g of CT as an 

sion of the cloned chimeric protein at 37» C. could interfere ■?nT\°T n ^^,™ Ua l ° f SBR (40f ^' 8,1 ^ 

with bacterial growth. The strain was also found to be „ I NtHOO,. Serum and saliva samples 

immunogenic since oral administration of 10 9 bacteria in r COIIec, f d on dav 0 aod 10 davs after immunization 

mice resulted in serum IgG and salivary IgA antibody 1S for k assay of by ELISA. la some experiments, 

responses to Salmonella and native Agl/II and CTfFIGS 4A ^"S 10 ! 1 ! 58 of 3 mice were killed 10 days after each 

and 4B). An oral booster immunization 7 weeks' later sig- ™° lul f a " on ; f°flbe preparation of cells from PR MLN, 

nificantly enhanced the serum IgG response to Agl/II and CT , SP T **" P rolifcration ™ d ^ cytometric 

(P<0.05) but not to SalmoneUa, the response to which analvses - 

reached high levels even before the secondary immunization 20 pyampi r a 

(FIG. 4A). Salivary IgA antibodies to SalmoneUa and the EUSA caamtIx 8 

Ser.m.gGandsalivarylgAant.^iestoA^I.andtoua 

approached theSeve. of U^^SK^tS ^7^7*^ ™ 1177^"^ " 

tively rCSpC€ " technology Associates, Inc., Birmingham Ala.). Unknowns 
similar to that observed after 3 doses of 100 fig purified 

SBR-CT" 1 in the absence of intact CT adjuvant. The EXAMPLE 9 

unmunizing dose (10° bacteria) was estimated to contain Preparation and Culture of Lymphoid Cells 

7-9/<g of chimeric protein but this probably does not reflect Single-cell suspensions were obtained by teasing PP 

he amount of SBR-CT*" delivered in vivo, which would MLN, and spleen apart with needles, and tissue debris was* 

largely depend on the extent of tissue colonization by removed by filtering through nylon mesh. Peripheral blood 

M monella. mononuclear cells were obtained by centrifugation on His- 

In the present invention, the SBR-CT" 1 chimeric prolcin . topaque 1083 (Sigma Diagnostic, St. Louis, Mo ) Remain- 
was expressed in attenuated S. typhimurium and oral immu- W ing erythrocytes were lysed in buffered ammonium chloride 

nation with Uils recombinant strain resulted in serum IgG the cells were washed thrice in RPMI 1640 (Cellero) 

and salivary IgA antibody responses against SalmoneUa and medium supplemented with 2% fetal calf serum (FCS) aod 

the cloned antigens. Since the SBR segment of Agl/II plays were finally resuspended 10% FCS/RPMI 1640 Cells were 

an important role in S. nutans colonization, salivary IgA cultured in 10% FCS/RPMI 1640 supplemented with 1 mM 

antibodies to SBR may confer protection against this oral sodium pyruvate (Cellgro), non-essential amino acids 

patb0gen - (CcUgro), 2 mM glutamine (Cellgro), 100 U/ml peniciUin- 

EXAMPLE 6 streptomycin (Cellgro), 25 mM HEPES (Sigma), and 0.01 

Antigens raM 2-mercaptoethanol (Sigma). 

Agl/II was purified chromatographically from the culture so pyampi p in 

supernatant of 5. mittans essentiaUy as described by Russell, Flow rv , nmplrv tA ™"Lt 10 

et a!., 1980, 28:486-493. The SBR-CTA2/B chimeric pro- ™ ™ u ^ • , 

tein was constructed and expressed in E. coli and purified , . • T^" f ^f 5510 " on freshly isolated cells was 

from extracts. ,n essence, this consisted of PCR-ampSg 5" do " b ^ S,au " n S w u ith bk.linyl.ted an.i-CD4 
DNA for a 42-kDa segment encompassing the A-reoeal 55 rrrJ ■ foll °T d ^y avrfm-phycocrythrin, and either 

region and some downstream sequent of JgK f^h 2 CtZs!^^ 

pac gene, Ugating this in a modified P E170b( + ) plasmid T^S ^ h o £ u 6 ^^ mU1U,eS al 4 C m 

(Novagen. Inc.. Madison Wis.) in frame with and ujsl^m F ™>**-™ s PBS with 0.02% NaN 3 . CeUs were 

of the genes for C1A2 and CTB. and trans^ ng h" SSd tVpArl^vT 1 ^ ^ 

recombinant plasmid into E. coli BL2l(DE3) cells 60 & ™ c y ,omclcr ( Bect °°- 

(Novagen). "icicinsonj. 

SBR polypeptide was obtained by excising the relevant EXAMPI E II 

DNA and religaling it into unmodified pET20b( + ) in order Proliferation Assay 

rmm?h css r slm r.t 3 6 ; rcsid r hisli , dinc scqucncc dcrivcd Cclls fn,m ' ,| ' mln - ^ *pi™ ^ K i„c U batcd at 10 s 

mPH h 1 V V 1 CC " ' ySalCS hy «"K»nlr«lion of Agl/I! (0.5 /ig/ml) for S days and were 

mual-cholanon chroma.ography on a nickcl-Ioadcd column pulsed with tiM-thymidinc ((^ .Ci/well) |i ^ hours before 
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harvesl.ng. Up.akc of \l I] was counted by liquid scintilla- elevated by immunization with SBR-CTA2/B chimeric pro- 

ion counter. Ilic sfmuladon index was calculated as: cpm tcin especially when given with CT as adiuvant Howc^rr 

(we.Ls w„h A^O/mean cpm (control wc.Ls). because^of variation ^^l^S^^ 

LXAMPLE 12 was attained only after 2 doses given with CT. Nevertheless, 

Cytokine ii xpression 5 lhc & cncraJ pattern of results was in accordance with expec- 

The expression of cytokines by PP, MIJM, and spleen cells Uti ° nS ° n reSDOnscs t0 A&Wl alone or chemically 

after culture in vitro with or without Agl/ll (0 1 «g/ml) for c < )n J u S atcd k > CI and administered i.g. without or with CT 

24 hours was determined by a reverse-transcription and a ^ uvanL Fotal olivary IgA concentrations also increased in 

polymerase chain-reaction (RT-PCR) procedure for the animals during the immunization period, from 2.13*0.61 

amplification of cytokine mRNA. Cells (5-7xl0 6 ) were '° ^ un,mmuni/ ' ed animaLs to 5.92±0.64 /ig/ml after 3 

harvested from the cultures, washed thoroughly and then " nmunB »tK>ns. but there were no significant differences 

iysed in 350 p\ of lysing buffer for isolation of RNA using ^ the iramunizalioD 6™ups. 

the RNeasy kit (Qiagen Inc., ChaLsworth Calif.). RNA was EXAMPLE 15 

redissolvcd in 40^1 of diethyl pyrocarbonate-treated water, T Cell Proliferative Responses 

>t™ m V lGS were added to 18 & of RT mixture To show whether T cells capable of proliferating in vitro 

(Perkin-hlmer, Foster City Calif.) containing Ix PCR buffer, in response to stimulation with Agl/H had been induced by 

5 mM MgCI 2 , 1 mM of each deoxyribonucleoside the first, second, or third i.g. dose, groups of 3 mice were 

triphosphate, 1 U/ml RNase inhibitor, 2.5 U/ml Moloney killed 10 days after a first, second, or third immunization 

munne leukemia virus reverse transcriptase, and 25 mM 20 with each immunogen preparation, and mononuclear cells 

Dligo d(T) l6 . Mixtures were overlaid with 50 fd of light from PP, MLN, and spleens were cultured with or without 

mineral oil and incubated in a thermal cycler (Perkin-Elmer) Agl/II. Incorporation of ^HJ-thymidine expressed as stimu- 

15 minutes at 42° C, 45 minutes at 37° C, 5 minutes at lation indices revealed that Agl/II responsive cells were 

9 ? f C D^ Dd 5 minutes at 4 ° C After reve rse transcription, 80 elicited in the lymphoid tissues associated with the intestine 

pi of PCR mixture (Perkin-Elmer) was added to each tube to „ incrementally with the number and form of the immunoeen 

give final concentrations of 25 U/ml AmpIiTaq DNA doses (FIG. 6). PP and MLN cells taken from mice given 2 

polymerase, 0.15 M M 5' primer, 0.15 ^M 3' primer, 2 mM or 3 doses of SBR or of SBR-CTA2/B alone showed modest 

MgCl 2 , and lx PCR buffer II. Primers specific for murine proliferative responses to Agl/II in vitro (stimulation indices 

IHN-y, IL-2, IL-4, IL-5, IL-6, IL-10, and p-actin were in the range 2.4-3.2; 5.44 for PP from mice given 3 doses of 

obtained from dontech Laboratories Inc. (Palo Alto, Calif.) SBR-CTA2/B), whereas PP and MLN cells from mice 

or the Oligonucleotide Synthesis Core Facility of the UAB immunized with SBR-CTA2/B plus CT adjuvant showed 

Comprehensive Oi;cer Center, and their specificity was proliferative responses after one dose (stimulation indices 

verified by nKaus of RT-PCR on RNA extracted from 2.3 and 3.6, respectively), and greater responses after 2 of 3 

mitogen-stimuh. ed ™use spleen cells. After heating at 95° doses (stimulation indices 3.1-6.1). The proliferative 

C for 2 mm, cDi 1u was amplified for 35 cycles consisting 35 responses of PP and MLN cells were different* MLN cells 

of:. 45s at 94° C, 3 minutes at 72° C, and 2 minutes at 60° responded similarly to (or less than) PP cells when taken 

C. The products of amplification were analysed by 2% from mice immunized with SBR or SBR-CIA2/B, but 

agarose gel electrophoresis, revealed by ethidium bromide showed greater responses to Agl/II in vitro when taken from 

.staining, and photographed by UV transillumination. The mice given AgI/II-CTA2/B plus CT. Spleen cells generally 

results were scored according to the presence of a band of ^ did not respond to stimulation with Agl/II in vitro 

appropriate molecular size: -, no detectable band; ±, very (stimulation indices <2), except for those taken from mice 

faint or uncertain band; +, clearly detectable band; ++, very immunized once with SBR-CTA2/B plus CT (stimulation 

strong band. index-2.8). Cells from the PP, MLN, or spleens of unim- 

FXAMPl F n munized mice did not proliferate in response to Agl/II in 

Statistical Methods LMM ^ E 13 45 vitro (stimulation indices 1.2-1.5). 

Quantitative results were evaluated by Student's t test, by EXAMPLE 16 

means of Multistat (Biosoft, Ferguson Mo.) on a Macintosh T Cel1 s "rface Marker Analysts 

computer. Antibody data were transformed logarithmically To elucidate the nature of the T cell responses to i.g. 

to normalize their distribution and homogenize the vari- immunization, cells freshly isolated from PP, MLN, spleen* 

ances. 50 or peripheral blood of mice immunized once, rwice,'or three' 

PXAMPr r a timCS Wilh lhe differenl immunogens were analyzed by flow 

Antibodv Resoonses LAAMPIL 14 cytometry for the proportion of- cells expressing T cell 

Antibody Responses markers CD3 (all T cells), CD4 (T helper phenotyne) or 

SBR g CrAl/H f R ' f BR ; CTA2/B ' ° r CDS (T suppre.ssor/cytotoxic phenotype'). 

SBR-C IA2/1 plus CT incrementally induced serum IgG 55 shown in FIG. 7. Among PP cells, there was an increase in 

ate" ^ sTLKin 1 • ~ d ^ st r hoIc AgI/I1 thc proporti0D of totaI T «* iloSI 

(I1GS 5A and SB). Immunization with SBR alone resulted was most noticeable in animaLs immunized with SBR- 

in weak but statically significant (P<0.001 at all intervals) CTA2/B or SBR-CTA2/B plus CT Tlus incase was mostlv 

-scrum go ant.body responses, and mcxlest salivary IgA in the CD4 + T helpeT 

anttol.es that were significantly elevated above back- 60 suppre.sor/cytotoxic population rem.ii^aU iS^I J 

fpT(K)l 0 ald S 01 r mV^ fd ■ ^ ™*«L — -re stable, ^^oi 

S BR C I A 7/ R h P IV Admin : straUon r ot lh < torn mice immunized with SBR-CTA2/B plus CT in 

SBR-C I A2/H ch.n,cr,c prolc.n generated Significantly which the CM* population increased wilh the number of 

greater scrum g(, responses (1><0.001), and immunizations. MLN generally, however, containTmore T 

co-adnunistrauon of CI as an adjuvant further enhanced 65 cells of both phenotypes than PR regardless oNmmTo".- 

!x. h lhc level and the earher development of .serum IgG lionslal,*^^^ 

anl.lHHl.es. Sal.vary IgA antibodies also tended to be increases in thc proportion of CW T cellf a " 
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immunization, especially with SBR-CTA2/B plus CT, 
although these number* must be interpreted with caution 
because of the small numbers of cells obtained. Spleen cells 
showed modest increases in the proportions of CD4* T ceils 
after immunization in all groups. 



20 



alone revealed type 1 (IFN-y and IL-2) as well as type 2 
(IL-4) cytokine responses upon stimulation in vitro, whereas 
cells from the same organs of mice immunized with SBR- 
CTA2/B chimeric protein revealed IL-4 but little or no type 
I cytokine response. 



TABLE III 



Cytokicc expression in PP, MLN and spleen cell cultures of mice immunized 
with SBR. SBR-CTA2/B or SRR-CTA2/B + CT 



tFN-y 



IL-2 



tL-4 



tL-5 



Immunization* Culture 6 P 



MSP MS P M S P M S 



SBR 

SBR-CTA2/B 

SBR-CTA2/B h 
CT 



Control 
♦Agl/II 
Control 
+AgI/It 
Control 



r^r^ *** ^ 10 totewb Md ~ llccted 3 days after U« .ast 

^k^^Sr 1 " Vitl ° ? 24 hOU,S (OTDtrol > aod wUh Agl/n (0.1 ug/ml) 

cytoktnc mRNA expression detected by RT-PCR and scored according to the presence of 
cth.dmm bromide-stained band of appropriate molecular size- P ° f 

no detectable band 
*; very faint/uncertain band; 
+, clear band; and 
++, very strong band. 
P - PP cell cultures, 
M - MLN cell cultures; 
S - spleen cell cultures. 



EXAMPLE 17 

Cytokine Expression 

To elucidate the pattern of expression of cytokines, PP, 
MLN, and spleen cells were taken from mice immunized 
three times with SBR, SBR-CIA2/B, or SBR-CTA2/B plus 
CT 3 days after the last dose, cultured in vitro for 24 hours 
with or without Agl/II, and examined for the presence of 
mRNA for IFN-y, IL-2, IL-t, IL-5, IL-6, and IL-10 by 
RT-PCR. After culture with Agl/II, PP, MLN, and spleen 
cells from mice immunized with SBR alone revealed mRNA 
for IFN-y and IL-2, but only PP and spleen cells also 
revealed ILA mRNA, whereas IL-5 mRNA was detectable 
in all cell cultures regardless of stimulation (TABLE III). PP 
cells from mice immunized with SBR-CTA2/B, without or 
with CT adjuvant, did not reveal mRNA for IFN-y or IL-2 
even after culture with Agl/II, and MLN cells from these* 
animals revealed variable IFN-y and IL-2 mRNA responses 
However, PP, MLN, and spleen cells revealed IL^ mRNA 
particularly after stimulation with Agl/II, whereas all cul- 
tures were positive for IL-5 mRNA. Likewise, mRNA for 
IL-6 and IL-10 was found in all cell cultures, regardless of 
immunization or in vitro stimulation. There was an increase 
m IFN-y and IL-2 expression (in response to stimulation 
with Agl/II in vitro) in PP, MLN, and spleen cells from mice 
immunized 3 times with SBR alone relative to cells from 
mice immunized twice. Likewise, spleen cells from mice 
immunized 3 times with SBR-CTA2/B (without or with CT) 
showed increased Agl/II-spccific expression of IFN-y, IL-2, 
and IL-4 relative to twice-immunized mice. Cells from 
unimmumzed mice did not respond in culture with Agl/II by 
the expression of IFN-y, IL-2, and IL-4 mRNA above that 
revealed m control cultures, except that spleen cells showed 
weak evidence of lFN-(cxpression on culture with Agl/II 
I*hus, |»|> and MLN cells from mice immunized with SBR 



Lymphocytes taken from the PP and MLN of mice 
immunized i.g. with SBR, or SBR-CTA2/B without or with 
. 351 adjuvant were capable of proliferating in vitro when 
35 stimulated with Agl/II, showing a similar overall pattern of 
1 cell responses to the different regimens and stages of 
immunization as the serum and salivary antibody responses 
Immunization with SBR alone induced the lowest prolifera- 
tive responses in PP and MLN celLs, and this was reflected 
^ also in little change in the proportions of CD4+ and CD8 + T 
cells in these organs. Moreover, the pattern of cytokine 
expression m the cells from PP and MLN of these mice 
suggested a mixed type 1 and type 2 helper activity, possibly 
governed by ThO cells. Coupling SBR to CTB in the form of 
the SBR-CTA2/B chimeric protein enhanced its im mito- 
gen icity with respect to T cell responses in PP and MLN and 
the addition of CT as an adjuvant further elevated these 
responses Furthermore, the cytokine expression pattern in 
\*r and MLN cells from mice immunized with SBR-CTA2/B 
(with or without CT) indicated that T cell help was skewed 
50 towards Th2 activity. However, the Gnding of IL-5, IL-6 and 
IL-10 mRNA in cell cultures regardless of antigen stimula- 
tion in vitro is not readily explained in these terms, but may 
indicate constitutive expression of these cytokines or their 
continued expression ex vivo after immunization. It is also 
possible that 11-6 and IL-10 mRNA were derived from 
macrophages present in the cell cultures, although these 
would be largely adbt r-nt a*.w uniikclv to be harvested alone 
with the lymphocytes 

The proportioas of CO t" T cells in PP increased after 
60 each additional dose of these immunogen preparations, but 
a corresponding increase was seen in MLN cells only from 
mice immunized with SBR-CTA2/B chimeric protein and 
CI adjuvant, (lie finding that these T cell responses 
occurred in PP and MLN as early as after the first 
<* immunization, at least with SBR-CTA2/B, showed that 
antigcn-sens.tized T cells were elicited before IgA antibody 
responses became clevalcd in the effector sites of mucosal 
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immunity such as salivary glands. The responses in MLN absence of inun r-r h* c • . ~ 

and PP were different, as significant proEivc responses fwa Cm and^r hL^" c ? ntroversial * S ^^m 

immunisation were developed in MLN cells only when CT CTB contain small amounts o?7uct K £ 

w.s used as an adjuvant, and moreover MLN from all mice 5 sufficient to show this effect. Fhe gelcVll n™Z<£ 

contained h.gfrcr Proportions of T cells of both phenotypes SBR-CTA2/B chimeric protein, in which^teto^CTM 

^ZmZ R P «' ™« + «lh was subunit has been deleted, is clearly able to mdl mu^I 

higher in MLN than m PP, but as it was not reduced by the and circulating antibodies without the necessity for addi 

administraUon of CT as an adjuvant, it appears that the lional CT. The adjuvant activity of CTmay be closely linked 

enhanced Agl/II-specific proliferation in MLN cells from 10 lo Its tojac »^ which is a function the ADP-ribosyltransferase 

mice given CT is not due to inhibition of CD8 + suppressor activitv of tbe A ^ subunit. Adjuvanticity of the related 

cells by CT. rhe spleen, a non-mucosal lymphoid organ, Escherichia coli heat-labile enterotoxin can be dissociated 

displayed little or no response in terms of antigen-specific f[om to "city. Fusion proteins of CTB directly coupled to 

proliferating T cells, despite the considerable elevation of otbcr antigenic peptides have been constructed, but tbe 
serum IgG antibodies especially when SBR-CTA2/B was 15 ^formation of CTB and its ability to form G^wdine 

given together with CT adjuvant. This is consistent with the Pentamers tend to be disrupted by peptides longer than 

relatively modest numbers of specific antibody-secreting approximately 12 amino acid residues and moreover, their 

cells found in the spleen after i.g. immunization with Agl/II mu cosal immunogenicity seems to be limited in the absence 

chemically conjugated to CTB and given with CT. Through- of actional CT. These limitations do not apply to SBR- 
out these experiments, although the mice were immunized 20 CTA2/B chimeric protein, in which a large 42 kDa segment 

with SBR or SBR-CTA2/B chimeric protein representing of P rotein * ^sed to the CTA2 subunit which couples it 

residues 186 to 577 of Agl/II, both antibody and T cell noncovalently to the CTB pentamer to preserve its G 

r ^™ S C ° Uld detected "tfact Agl/II. This implies ganghoside-binding activity. Hie enhanced enteric immu- 

tbat SBR retains conformational structure similar to that of n <>geoicity of SBR-CTA2/B chimeric protein even in the 
the corresponding part of the whole AgUI molecule, and 25 absence of CT, is advantageous for an oral vaccine as 

thatboth are processed similarly by antigen-presenting cells. recombinant CTB has been shown to be a safe and effective 

These responses are in accordance with the concept of the ™munogen in humans, 

common mucosal immune system, and the dissemination of L & immunization with SBR, especially when genetically 

antigen-sensitized T and B cells from the inductive sites ^P 1 ^ to CTB to enhance both mucosal and circulating 
such as PP, through the MLN that drain the lymph flow from 30 anlibod y responses, induces T cell responses in tbe gu* 

the small intestine, and thence into the circulation prior to associated lymphoid tissues such as PP and MLN 

relocating in the effector sites of mucosal immunity, in : ?u J Furthermore, these T cell responses occur after one or two 

ing the salivary glands. Thus, i.g. immunization with SP>R, doses of immunogen, earlier than the antibody responses 

especially when coupled to CTB in the form of a cha en ; and mclndc increased proportions of CD4* T helper cells' 
protein, leads to the appearance of antigen-responsive f 35 ^ res P onses are enhanced by, but are not dependent upon 

cells in both PP and MLN. Because few cells were recov- thc addition of CT as an adjuvant. ' 

erable from blood, it was not practically possible to trace the fyampf c , o 

appearance of such cells in the circulation, although this has Expression of SRK in 

been well documented in humans. The transient eolation tx ^ saon of SBR m S ' ^Phtmurmm 

nutation has been demonstrated in human and animal svs- ^wZ-T i . ^ endonucleases, and 

terns. Curiously, perhaps it anoears that tfv-n,,tT P ' agarOSe gel elcct ">phoresis of the digest and 

.ating antigen^/r ^ ^Z^mii^S " 

circuiting antibody-secreting celk anri ™ Zi cnatsworth, Calif.). The pbI70b(+) expression vector (3.7 

po^n 2a»VhKS«i" ESS 45 LS'.nt^ r similar,y digested b * 

blood of mice 10 dayV after the second or thdrTdoT of 1? I , ^^orylated by calf intestinal alkaline 

SBR-CTA2/B, especiaHy if CT wa^Triven^ ™7h^ P tos P haU f and P^ed by gel extraction. The pac segment 

vant. Cytokme-sTreting" T ^^STLfSSilS ^ 7 b T X F? ^ " *"* *» 3 ' C ° d of 

mucosal immunity, such as the salivary gianS 50 eader sequence (requ, re d for me transport of 

CT has been shown to enhance ThfC^^ - r polypeptides unto the periplasm) and the resulting 

unesuna, tissucs.td ^T^ ^L^Z S^Sfl^ffi b^ ^ ^ * 

known to deplete selectively CD8* intraeDXH a Tlvmnh« ■ ?r P u 2 ' ^P 6 *™^)- Transformants were 

cytes and while the fuocttooTSd SC^fS so ^^^P^^^M^M^ 

these cells are incompletely understood Tnv tr . .' ^P 0 "^ to ,he of pSBR and pGPl-2, 

within inductive s,uTs c has £ pfto'u ULsT^rvet o^T " T, W " C ^ thC CX P rCSsi ° D 

elevate the proportion of Cl)4* 1 <L I s Howe veT %Z h ^ ,ts ' ranscn P" on PSBR is under the control 

uk proportL'of CDT cSL dS.^ 7^ ""Z ^ ^7 'fc I! V™"*'^ ^ ^ > 

^,Whe m erCn. L .^^™:^ n 'l SSS^-^ 
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ung of cell lysalcs using antibodies to .he na.ive Ag[/II intuba.ion using a 22-gauge feeding lube (Popper and Sons 

molecule (PIG. 8B). Target gene induction in this system is [ n c llvde Park N nL- m .W t ' „ r opper a ™ ^"f 

icmperature-rcgulated because the 17 RNA polymerase is .W i "* A m,CC WCrC lmn,u '»z«l 1 to 3 

under the contfo. of the I P. promoter ETifSST by ^ V'^^S^lt 

the cI857 temperature-sensitive 1 repressor (FIG 8A) 5 ™L lln ,• * f 8 ' V hter For i n - 

v « »'V- s immunizations, grour« of 6 mice were inoculated 3 times (in 

EXAMPLE 19 a period of 6 days) with 10 s CFU in a volume of -20 ul 

fcsiumiion of Recombinant Protein Production which was slowly applied in the external nares by means of 

lo determine the amount of the SBR polypeptide pro- a micropipcltor. Asingle boosteri.n. immunization with 10 9 

duccdby 5./y^n iW »(pGPl-2 +P SBR<n^')(6)and5. , n CFU was performed 15 weeks later. In another exr^Ln, 

.o gro of 3 mjcc ,1E?£Z2E 

wich E1.ISA standardized with purified rSBR was per- (10'° CPU for i q or in 9 rptt rJ: „ a r ™™" mz \ u ° n 

aboo^r^ 

processed for the immunizations (^122 15 L C U hT? *? ^ r° ™ or ba ^"«i aotibcxiy 
below). TUc construction of standard cu rves ~£ ^ ^ ** C ° UISC ° f lhe 

polation of the unknowns was performed by means of a PYAiupr c <>, 

computer program based on four-parameter logistic algo- tAAMFLb 21 

rithms (Softmax/Molecular Devices, Menlo Park, Calif.). Sampling and Quantification of Antibody Responses 
For the ELISA, rabbit anti-mouse IgG followed by a mouse 20 Serum was obtained by centrifugation of blood samples 

monoclonal IgG antibody to SBR served as the coating collected from the lateral tail vein with heparinized capillary 

reagents while peroxidase-conjugated rabbit polyclonal anti- pipettes. Preimmune samples were obtained 1 day before the 

bodies to native Agl/ll was used for detection of bound immunizations and subsequent to immunizations collections 

pro tern. SBR used as standard was purified from cell lysates werc made 3, 5, and 7 weeks later, one day before the 
by metal-chelation chromatography on a nickel-charged 25 booster immunization (week 15), and at biweekly intervals 

column (Novagen), according to the manufacturer's instruc- thereafter (weeks 17 and 19). Saliva samples were collected 

tions. The affinity of SBR for nickel arises from a 6-residue at the same "mcs as serum by means of a pipettor fitted with 

histidioe sequence (at its C-tenninal end) which was derived a P las *ic tip after stimulation of salivary flow by i.p. injection 

from the pET-20b(+) expression vector. Recovery of SBR of 5 Mg carbachol (Sigma Chemical Company, St. Louis 
from the column was achieved by elution with imidazole. 30 Mo -)- Fecal extracts were prepared by vortexing 3 fecal 

The purity of the SBR preparation was verified by SDS- pcllels from each mouse in 600 pi extraction buffer (PBS 

PAGE and its protein content was estimated by the bicin- containing 0.02 % azide, 1% BSA, 1 mM PMSF, and 5 mM 

chomnic acid protein determination assay (Pierce, Rockford, EDTA). The extracts werc subsequently centrifuged and the 

III.) using BSA. supematants obtained were assayed for total IgA levels (sec 
Asimilar approach was used to quantify the SBR-CT 4 * 1 35 below) and were adjusted to contain 100 /<g of total IgA per 

chimeric protein with the exception that the plates were ml ("standardized" fecal extracts) by adding an appropriate 

coated with ganglioside (Calbiochem, La Jolla, Calif ) volume of extraction buffer. 

2? £"n E ^ S \ WaS a ? andanl ? cd with SBR-CT" 1 pun- 'Hie levels of isotype-specific antibodies from serum 

fied. Bnefly, the chimeric protein was isolated from whole- saliva, or fecal extractsfandtotal salivary or SinTl7S 

« 12 HR ^«^J^ on a Super- 40 were determined by ELISAon microliter plates coated wUh 

^ /111 a T n (f° annacia -LKB. Piscataway, native Agl/ll (chromatographicaUy purified from S. mutans 

km *° , by amon-exchange chromatography on a culture supematants), G^ followed by CT (List Biological 

S^bT^^ L**n*»ies, Campell, Calif.), tj£i^S^St 

/bbUKorSBR-CT^ per total soluble protein m the lysates. 45 typhimurium BRD509, or goat anti-mouse IgA. The plates 

EXAMPLE 20 wcre devclo Ped with the appropriate peroxidase-conjugated 

Immunizations S oat anti-mouse Ig isotype (IgG for serum samples and IgA 

Overnight cultures of recombinant S. typhimurium f ° r secrelio ° samples) and o-phenylenediamine substrate 

BRD509 expressing SBR-CT 4 * 1 or SBR were diluted 1:100 WUh H *° 2 IgG 1 or IgG2a ^tibody responses were assayed 

in L-broth containing 50^g/ml of kanamycin and 50//g/ml 50 US1 " g P crojddasc - con j u gatcd IgG subclass-specific antibod- 

of carbenicillin and grown at 30° C. with shaking and ICS ' m antibodies used for EUSA were purchased from 

aeration until A^^ reached 0.5-0.55. The bacteria were ^ ulhcrn Biotechnology Associates, Inc., Birmingham, Ala. 

recovered by centrifugation and resuspended in a medium concentration of antibodies/total Ig in test samples was 

consisting of 4 parts Hank's balanced salt solution (Life ca (culated by interpolation on standard curves generated 

Technologies Inc., Grand Island, N.Y.) and I part sodium 55 " Smg * mOUSC Ig rcfcrcncc senim (ICN Biomedicals, Costa 

bicarbonate (7.5% solution; Mediatech, Washington, D.C.). McS3 ' Cahl * aod °°nstniclcd by a program based on four 

The number of bacteria in the suspension was estimated by P aramc tcr logistic algorithms (Softmax/Molecular Devices), 
extrapolating from a growth curve and was confirmed by 

plating dilutions of the bacterial inoculum on L-agar plates EXAMPLE 22 

(with or without the appropriate antibiotics) and cnumerat- 60 Statistical Analysis 

uig the colonies grown after overnight incubation at 30° C Results were evaluated by Student's t test by means of the 

JZ ^T 7° 12 r Ck f ° ,d ' fr0m 3 P alh( > gcn - frce Mu »«*tat program (BiosofJ Cambridge, UK) oc a M £ 

colony, were used lor oral and ,.„. immunization studies tosh computer, Differences were u^idered significant at 

performed according to Nil! guidelines and protocols the l><0.05 level, antibody data were i^mS^L 

(Tmm? A A InStitUti ° nal ^ imaI Car ° 3nd USC 65 M U > theJdustribution and ^ 

(. .mm. t ee. An oral d<,se umtammg 10" CM i„ 0.25 ml was variances. I*hc dala were finally retransformed m d n r e 

acimmtstercd to groups ot 5-6 mice by intragastric (i.g.) scnted as geometric means x/, SI) P 
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EXAMPLE 23 
Recombinant Protein Production by the Salmonella Clones 
Using a "sandwich" ELIS A calibrated with purified rSBR, 
it was determined that S. typhimurium (pGPl-2+pSBR- 
CT** ') and 5. typhimurium (pGPl-2+pSBR) produced simi- 
lar amounts of toe SBR polypeptide (Table IV). Slightly 
higher levels of SBR were detected in the lysates from the 
pSBR-containing clone than in the extracts from the clone 
expressing the SBR-CT** 1 chimeric molecule, but the dif- 
ference was not statistically significant. This might have 
resulted from the presence of CTA2/B which could stcrically 
interfere with the recognition of the SBR component of the 
chimeric protein by the antibodies used in the "sandwich" 
ELISA. As expected, G^-EUSA calibrated with purified 
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Analysis of scrum samples obtained from i.n. immunized 
mice for anti-Agl/I! responses, confirmed the trend of higher 
responses in mice immunized with 5. typhimurium express- 
ing SBR than SBR-CT** 1 seen in i.g. immunized animals 



(RG. 11 A). In this case the differences in anti-Agl/II 
responses between the clones were statistically significant 
except for the responses on week 17 (FIG. 11 A). This trend 
did not seem to correlate with the anti-Salmonella responses 
induced by i.g or i.n. immunization. In fact, the anti-vector 
responses appeared to be higher for the SBR-CT 0 * 1 - 
producing clone; FIGS. 10A and 11B. The kinetics as well 
as the magnitude of the serum IgG responses to Salmonella 
and the cloned Ags after i.n. immunization (FIGS. 11 A and 
11 B) were comparable to those after i.g. immunization 



SBR-CT^ 1 detected a G^ -binding protein possessing SBR 15 (FIGS. 9A, 9B, 9C and 10A) despite that the number of 

epitopes only in lysates from the pSBR-CT" 1 -containing Salmonellac given by the i.n. route was lower by one order 

clone (TABLE IV). The expression level of SBR-CT** 1 in of magnitude. 

the lysates was approximately 2-3% of the total soluble In the above experiments, preimmune serum samples 

protein (TABLE IV)- These results validate the appropriate- (from 10- to 12-week old mice) did not contain detectable 

ness of comparing the capacity of these two clones to induce 20 antibodies to Agl/II, CT, or Salmonella (corresponding data 

antibody responses to the SBR of Agl/II. points at week 0 in FIGS. 9 A, 9B, 9C, 10A, and UA and 



TABLE IV 



Production of recombinant protein by 5. typhimurium (pGPl-2 + pSBR and 
5. typhimurium (pGPl-2 + pSBR-CT^^clopcs 



Elisa Method 



Protein Amount* 



Assay: 


Coating 


Develop. 


Exp. 


pSBR 


pSBR-CT*^ 1 


SBR 


SBR-MAb 


Agl/U-PAb 


No. 1 


1.68 


1.18 








No. 2 


1.33 


1.23 








No. 3 


1.51 


1.07 








No. 4 


1.13 


1.14 








Mean ± SD 


1-39 * 0.21 


1.16 x 0.07 


SBR-CT** 1 


Gml 


Agl/H-PAb 


No. 1 


0** 


2.03 








No. 2 


0 


3.05 








No. 3 


0 


3.49 








No. 4 


0 


2.13 








Mean x SO 


0 


2.68 ± 0.71 



'amount of recombinant protein in cell tysatc of clones containing cither pSBR or pSBR- 

* - % SBR polypeptide/ total soluble protein in cell lysates; 

* * - % SBR-CT^ 1 chimeric protein/total soluble protein in cell lysates. 



EXAMPLE 24 
Scrum IgG Antibody Responses 

Oral immunization of mice with the 5. typhimurium 
clones expressing SBR or SBR-CT" 1 resulted in dose- 
dependent primary serum IgG responses to Agl/II which 
were significantly enhanced after a single booster dose (FIG. 
9A). Although the responses to Agl/II induced by i.g. 
administration of either 5. typhimurium clone (i.e., express- 
ing SBR alone or linked to CTA2/B) were not statistically 
different, a trend was observed towards higher serum IgG 
responses after two or three primary immunizations with 5. 
typhimurium expressing SBR alone than with the clone 
expressing the SBR-CT** 1 chimeric protein (FIGS. 9B and 
9C). 

The response to the Salmonella vector was essentially 
similar with increasing number of doses (one to three) given 
during primary immunization (data shown for the groups 
which received two primary doses; FIG. 10 A). As expected, 
serum IgG antibodies to CT were induced after immuniza- 
tion wilh the clone expressing the chimeric SBR-CI^ 1 
molecule but not with the clone expressing SBR alone (FIG. 
I OA). As with anti-Agl/U responses, the scrum IgG response 
to CT was also significantly elevated following the booster 
immunization (FIG. 10A). 



11B, represent the detection limit of the ELISA). 
45 Furthermore, 27 week-old un immunized controls did not 
show substantial antibody levels to Agl/II or CT (^1.2 
^g/ml) but they did develop a relatively weak response 
(compared to immunized animals) against Salmonella 
(17.8x/+L6 ^g/ml, n=5), probably because of cross- 
so reactions with related gram-negative bacteria of their normal 
flora. 

In these studies antibody responses to the SBR of Agl/II 
were detected using native Agl/H as the coating agent in the 
ELISA, as recombinant vaccines should be able to induce 

55 responses against the antigen expressed by the pathogen. On 
a limited number of samples, the influence of coating with 
purified rSBR on the magnitude of the detected responses 
was also determined. ELISA with scrum samples tested on 
plates coated with either rSBR or Agl/II showed that the 
antibody response to rSBR was about 2 times higher than to 

6 Agl/II (2.l5x/+t.49, n=l3), implying substantial antigenic 
and possibly structural similarities between rSBR and the 
corresponding region (residues 186 to 577) of the whole 
Agl/II. Moreover, the antibody response against the CTA2/B 
component of the chimeric protein was about 3 times higher 

*>- s (3.34x/+1.10, n=6) when detected with native CT bound to 
(\vn ganglioside-precoated plates than when CT was 
directly coated on microliter plates. 
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Profile of IgG2a/lgGl antibody responses in scrum after oral 
immunization with SBR-CT^ 1 expressed in S. typhimurium or 
administered as purified immunoeen 


immunization 
with 


antibody 
response to: 


IgG2a/IgGl* 


No. of mice 
IgG2a/lgG>l 


5". typhimurium 
vector (n - 16) 

Purified SBR-CT** 
(n-6) 


SBR 
BTA2/B 
Salmonella 
1 SBR 
CTA2/b 


1.02 ± 2.26** 

I. 21 * 2.6 

II. 2 ±2.21 
03 * 1.94 

0.48 r 1.73 


8/16 
10/16 
16/16 

0/6 

1/6 
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I g G2a/I B < ;i Profile fa! -C^ Carried Ant.gcns iS^^J^^P ^ cb "°- 

Scrum IgG antibodies to whole Salmonella belomed ore ?7 we^tlw • ^ ^ ? >,,,eQt • Samp,es from 

dominanlly to the IeG2a subcla« ^?,/i„?i mx k 2 7-week-old unimmunized mice showed similar levels of 

mixedTgG2a S IgG? re^rT XXoiScTn . ^^7°'^ «° the test Ags as the pre- 
wasobsc^forthc^^^ .0 ZZ^nc^T^ f * "P"" * ^ 

V). Analysis of samples from a study in which mice were tL *„a • a ? Si}?*' and DC 

oraUy immunized with purified SBR-CT"' rcvTakdTre ,„ . fin ^ 8 ,' ^'^1 responses tended to be higher 

dominant IgGl respond to SBR arid tadicaUng with^ the SBR^CT^ 1 Uxd™" 1 ' '? ^ Werc 

•«I*i,S?M^o,SBtlK) CTAa/B (ClODeS » ° f admi »^.(FIGS. 14A and 14B). In the same 
V or o«k atone;. experiment, the mice immunized with a single i.g. dose of 

TAK , v 10 !° CFU showed higher anti-Agl/n responses in serum and 

^ v sal'va wan mice which received a single i.g. dose of 10 9 

CFU (FIGS. 9A and 12A), but equal or slightly lower 
25 responses than mice given 3 i.g. doses of 10 9 CFU (FIGS 
9C and 12C). 

EXAMPLE 27 
Intestinal IgA Responses 

IgA anti-Agl/II responses were also detected in fecal 
extracts from i.g. immunized mice (FIGS. 15A, 15B, and 
15Q. The kinetics of the responses induced by the two 
recombinant 5. typhimurium clones also showed some trend 
for higher anti-Agl/n responses when the SBR antigen was 

- ww uoawca loilowrngquanftcaUonofsubclass-spcdficanlLbody IcveU CO-expressed with CTA2/B (FIGS. 15A, 15B, and 15Q 

["divider 3 8ComcUic mcao X/(SD of 'eG^gGi ratios of 35 lllis trend was less pronounced than seen in saliva (FIGS. 
' m mUX ' 12A > l 2B » and 12C), and it did not show statistical signifi- 

EXAMPf F 7fi ^ CXCepl for ^ time P 0 "* 115 ' i e • nG 15A - at w «ek 15 

Salivary IgA Antibody Responses To giVeD 1 dOS<S ' and ' HG l5B > at week 

Ora^nfuni.ation^fmTwtm recombinant Salmonella «. ^SS.^'S^^^C ES^Sr' tf " S 
vector one to three times, resulted in the induction of of the clone prSTs BR alone ?hS S? ^ 

mcs . for pnmary .mmumzatton where differences reached 55 demonstrated high levels of antZdies aj SS ^ the cloned 
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clone, since SBR comprises 39% of the 1,1 h ° f r "; COmbln 1 an « Salmonella in mice. Antigenic stimula- 

molecule by weight ^ Ch ' mCnC ,OQ , ° f ^ nasa -associated lymphoid tissues which show 

Quantitative analysis of scrum samples showed thai the s " h^ 

ltiim^^s\iR^ r ' c cxr nUy "r r ; ftcr immuni - ,hc d ^ m V ion - , ^ottZ^l^lz 

.u^u . -expressing A typhunurium lhan mucosal effector sites, including the intestinal Uminl 

with the clone expressing SBR alone. Although this may Propria, in a fashion analogous to !u£,uw£L GaTt 

surest intramofccular antigenic competition as observed Moreover, a portion of the Salmonella iSum may £J 

w, h.n the IgG molecule, i.e., higher responses are induced io bccn sallowed by the mice resulting in direct stimulation 

h lhc li F f b I fra 8 mc °' w hcn Fab is injected aJonc than when of ,he GALr To minimize this possibility, a relatively smaW 

the whole IgG molecule is used for immunization, analysis volumc was applied to the external nares (-10 iA per 

olresptiascsm secretions revealed an opposite trend. Com- nostril )- If these mice did swallow some Salmonella 

paring the mucosal IgA antibody levels to Agl/II induced by organisms, the number would be relatively small comoared 
immun.zauon w,lh the two S. typhimurium clones at each is to ,be oral dose g^en to i.g. immunized mice i e 10 times 

lime point examined (56 time-points including all groups higher lhan the i.n. dose. Alternatively^, typhimurium could 

from both i.g. and i n. immunization; FIGS. 12A, 12B, 12C, acccss Me GALT by dissemination from nasal lymphoid 

MB, 14B ISA, 15B, 15C, I6A, and 16B), the response in t,sslIes - Immunization by the i.n. route was generally as 

toe case of the clone expressing SBR linked to CTA2/B was effective as by the i.g. route, despite using lower doses 
higher on 51 occasions (91%). I n contrast, the serum IgG 20 Besides a remarkable secondary IgG response in serum 

response was higher in 83% of the occasions (3 1/36) in L Agl/H and CT, a pronounced £condlry salivar^H 

(FIGS St t ^^^^" 8 SBR a,one KSP °r Was „ induced «* cloned Ags after i.n ari 

r-TAim 7 ' m ' and 14A) 0nc can speculate thai |* (especially when two primary doses were eiven) 

L IA2/B may have a dual influence on anti-SBR responses immunization, suggesting induction of immunological 
arising from its dual role as an immunogen and as an 25 memor y- Enhanced salivary IgA anamnestic responses to 

r i T^D < ^ C i U,8 L agCnl - aD UDmu "ogemc component of SBR <* CTA2/B were not observed previoiujy in^ucosal 

uie 5>bk-C I chimenc molecule, CTA2/B may tend to immunization experiments using purified SBR-CT" 1 or Ibe 

depress toe immune response to SBR through antigenic whole AgMI molecule chemically conjugated to native 

corapeuuon, and as a mucosal adjuvant it may tend to CTB. Because of concerns regarding the efficacy of repeated 
potentiate anti-SBR responses. This dual effect might have 30 usc of Salmonella as a carrier for various heleroloKourAes 

tSS^f ™?% d te k t * 8e,VBd mucosal and sy^mic }' ^ ofintcrest that boosting of mucosal IgA and scn^m' 

£^ CTAZTJ is able to provide better help for 'gG antibody responses was induced after i.g. booster immu- 

antibody producUon in mucosal inductive sites than in nization of mice with a pre-existing intestinal IgA response 

systemic compartments. Presumably, Salmonella-expressed t0 ,hc Salmonella vector. 

CIA2/B can be delivered to both mucosal and systemic 35 summary, despite the requirement for genetic coupUne 

inductive sites because of the ability of the vector to colonize of CTA2/B to SBR to induce substantial anti-SBR response! 

mucosal lymphoid tissues and to disseminate to systemic af,cr mucosal immunization with purified immunoecn 

tissues. Interestingly, in an immunization study with influ- expression of SBR alone in an avirulent 5 typmmuruuk 

enza virus administered raucosally or systemically in the vector was sufficient to induce high levels of antibodies in 
absence or presence of CTB, the adjuvant effect of CTB on 40 scnun and mucosal secretions. The finding that the immu- 

autivirai antibody responses was found to be more pro- no genicily of Salmonella-delivered SBR was not sicnifi 

nouncedafter i.n. than after subcutaneous or i.p. immuni- cam| y dependent on co-expression of CTA2/B suggests" that 

zatioD. These findings cannot be attributed to quantitative m oral immunization with purified SBR-CT"' 1 tareetine of 

differences (equal doses were given by all routes aod in the SBR t0 lt * GALT via G^ receptors on the overWnc 

case of i n. immunization the amount actuaUy absorbed may 4S antigen-sampling M cells, may constitute an important 

De even less lhan lhat injected for systemic administration) immunoenhancing mechanism. The requirement for this 

out rather to a CTB adjuvant effect which is possibly mechanism, which would also reduce the exposure of SBR 

muuenced by the particular microenvironment where CTB 10 Proteases in the gut lumen, is bypassed by the Salmonella 

-n.-, „ • , vector because of its tropism for the GALT, where SBR will 

Inl or Th2 cells induce antigen-specific B cells to selec- so cvent ually be delivered. The current system can be modified 

lively produce IgG2a or IgG 1 antibodies, respectively. Sal- 50 thal CTA2/B can find application as a Salmonella-cloned 

monclla (as weU as other intracellular microorganisms) adjuvant, especially for Ags lhat are poor immunogens when 

generally induces a 111 1 -type response characterized by hich delivered by this live antigen-delivery system 

levels of l|.-N-y and IgG2a antibodies. The serum IgG FXAMPI r ' 

r.s^aseagOZa/lgGl-Ow.induc^t;^:!^ 1 - ^^£?cK 

expressed SBR, although a predominant IgG 1 response to „i„ £ . a J* " ° f ,ntranasal imm «- 

SBR was observed after oral immuni/1. on w*7rtf ed !T, *° N " ' ^ ideUnes and 

SBR-CI-'. Incse data also suggest ha, The Z of «o ^ UAH ""<i>utional Animal Care 

response to a Salmonclla-dcliveredto ein an.inen wl no ITIaT ^"""T ■ ?° ^""^ WCK ™™°™<1 3 times 

entirely determined by the vector but t ITSuenced bv / " ' , W '* h 50 ™ ° f ' hc W^atc inununogen 

inhere, proper.ius of the cloned amLeV " ^ ^ Tn" ^S"*™*). with or without an adjuvant 

The mechanisms for inducing in.cs.inal IpA rcsnonses .„ wh"h ( ^ 'I U ' Xin ( ™ X * ° f 50 

^iTr^i — havt — «^««* - « Tmt;-;: ;;; ,y appl,cd ,n ,hc mi — * «~ °< 

Aiinough less is known rci-anhni> rcstxmscs indiirid a(ut w , i ' 
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col lectcd from the ret roorbita I plexus with heparin i/ed can- an H xuh**^* a ii c i i 

jllary pipettes. Saliva samples were collected lyZ^L * 

Pasteur p.pette after stimulation of ovary flow by intrapcri- Agll (FIGS. 19 and 23)Tut SbK no, D^t £Tl 

toneal injector , of lO^g carbachoL Samples were obtained that the use of CT as an adjuvant .toSu^wiSS 

1 day before the immuniyat.ons and 2 weeks after the last 5 responses to itself (FIGS. 20 and 24 Mhe ^nsl^RP 8 

immunization. The levels of Lsotypc -specific antibodies Agl/II, and Agll compare weU with the to CT 

from serum and saliva, and total salivary IgA were deter- I Wore, the chimeric immunogen, SBR-CTA^B is 

mined by LLISA on microtitcr plates coated with native VCf y effective for inducing serum IgG and salivary IbA 

AGI/II, recombinant SBR, AgII f G„, followed by CT, or antibodies to SMR, which also react with the parent antic^n 

goal anti-rat IgA. The plates were developed with the io A S ,/IL ^ ma y be advantageous, because SBR was* 

appropriate peroxidase conjugated goat anti-rat immununo- selected as a part of the, Agl/II molecule that appear to be 

globulin Lsotype (IgG for serum samples and IgA for saliva nationally important for the adherence of Streptococcus 

samples) and o-phenylenediamine substrate with H 2 0, The mu f ans to l °oth surfaces. Immunization with Agl/II appears 

concentration of antibodies/total immunoglobulin in test '? "^J* anlibodies mos * strongly against the Agll part of 

samples was calculated by interpolation on standard curves is l ° e molec " lc > vct ea rlier work indicated that antibodies to 

generated using a rat immunoglobulin reference serum and h V i ' ° 0t ^ P rotecllve a 6 ainst s ntutans-induccd 

constructed by a computer program based on four parameter S^Si 1°*^ — advaDta S e of "^g genetically con- 
logistic algorithms. siructetl chimeric immunogens may therefore include the 

The results that follow are presented as*g/ml of specific Z™Ln* l^f^ ? Sp0nSC t0 a tonally 

weeks after the last unmununization. Specific antibodies in Parts of the molecule sensitive 

preunmunune samples were not detectable. Any patenls or publications mentioned in this specifica 

immunization groups 1, 2, and 3 are controls, groups 4 «on are indicative of the levels of those skilled in the art to 

Sr ^ m ZT d 75,!S R -T 2/ ? ChimeriC Protein inVemi ° Q PertamS " ^ P atenls **» Plications 
i c! T 35 > Wlth ° Ul (group 4 > or witb 30 3re herem ,ncor P°raled by reference to the same extent as if 

(.group s c l as adjuvant, and groups 6-11 were immunized eac h individual publication was specifically and individual^ 

wuh chemical „olj agates of SBR. Agll, or Aglyn coupled to indicated to be incorporated by reference 

recombmant ..TB, without or with CT as an adjuvant. One skilled in the art will readily appreciate that the 

f u-i7?J l \? y T^®* WeiC 35535,641 against ,he intact Ag^ 1 presem inventio, > is well adapted to carry out the objects and 
s I™ t WCU 35 SBR < MGS 18 and 35 ° b,ain ,he cnds and images mentioned, as well as those 

22), and AGII (another part of AGJM distinct from the part inherent therein. The present examples along with the 

mTll B H : £ GS " 19 231 ReSpODSeS » CT metb0dS ' ProCCdureS ' treatments . and^eclfic 

(t-iua. and 24) are given for comparison, since the compounds described herein are presently representative of 

immunogens as well as the adjuvant (CT) where used also Purred embodiments, are exemplary, and are not intended 
induce responses to CT. Since CT is regarded as the most 40 « limitations on the scope of the invention Changes therein 

potent mucosal immunogen, these comparisons serve to put and other uses will occur to those skilled in the art which arc 

the magnitude of responses to SBR or Ag I in perspective. encompassed within the spirit of the invention as defined bv 

in all instances, responses (measured against SBR, Agl/II, the scope or the claims, 

or AGII) to the various immunogens given without CT Wh at is claimed is- 

adjuvant were undetecable; the use of CT as adjuvant was 45 ' A method of producing an immune response by admin- 

neccssary to obtatn responses in these rats (Fischer strain). Oration of an attenuated strain of bacteria wherein said 

7,.* T" 8 ' S m I?" 1 "" 1 CO0,raSl l ° aU P revious resuhs attenuated bacteria express an antigen of interest as a fusion 

ra^ra To *m K S,rain) ' iQ Which aQ,ib ° d y Pro ' Cin fr ° ra 3 P ' aSmid Which CO[ »Prises in operable linkage: 

responses to SBR-CTA2/B chimenc protein or to Agl/II a) an origin of replication- 

conjugated chemically to rCTB given intranasally were so b) a promoter and 

^^f^^^^^^^ *™ ««~ - antigen of interest, 

reOects the part,u,ar strain of rat' ,.d, or ^Tof S ^ Z^Z^ZT ^ «° ^ 

as compared to m.ce. Reports of studies performed on 2 The method of clfm 1 "wher • r k 

human subjects indicate tha. humans respond well to intra- aatehMm^^ b,nd "« 

nasal or oral immunization with recombinant C1H i e " Ki T • Streptococcus nutans surface protein 

more Uke mice than ra,. VU C following Ls a comSnso^ of c^'ra ^ an " eCn ° f ^ « ^ «> ^ ° f 

«c"Sr mUn ^ aDimaLS immU " 3 V- ^ claim 1. wherein said p.asmid further 

Both SBR (in ,he form of either the chimeric immunogen „ 3^—3^ ^f" 8 ^ B 

group 5 or the chemical conjugate, group 7) and AGII S^y^c^SoS °" Pro ' em '° 

, J^^t 3 - — bind - 
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«?^7^*J?! clhod of cIaim 5 * whcrein Mid P Iasmid «s 

pSim-CI™ (alternatively designated pSBR-CTA2/B). 

7. The method of claim 3, wherein said attenuated bac- 
terial strain is administered by a route selected from the 
group consisting of orally, intranasally, intrarcctally 5 
wtravaginally, intramuscularly, and subcutaneously. 

8. The method of claim 3, wherein said immune response 
results in the production of antibodies to the protein antigen 
sequence in a bodily Quid selected from the group consisting 
of sali va, intestinal secretions, respiratory secretions, genital io 
secretions, tears, milk and blood. 

9. The method of claim 3, wherein said immune response 
is selected from the group consisting of development of 
antigen-specific T cells in the circulation and tissues of said 
individual, the development of cytotoxic T cells and immu- 15 
nological tolerance to the protein antigen sequence. 

10. An attenuated Salmonella strain, wherein said Salmo- 
nella strain expresses a chimeric fusion protein from a 
plasmid which comprises in operable linkage: 

a) an origin of replication; 20 

b) a promoter; 
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c) DNA sequences encoding a fusion protein of the 
antigen of interest fused in frame with the A2 subunit 
of cholera toxin; and, 

d) DNA sequences encoding subunit B of cholera toxin 
for coexpression with said fusion protein of the antigen 
of interest and A2 cholera toxin subunit to facilitate 
assembly of a chimeric protein. 

11. An attenuated Salmonella strain, wherein said Salmo- 
nella strain expresses a chimeric fusion protein from a 
plasmid which comprises in operable linkage: 

a) an origin of replication; 

b) a promoter; 

c) DNA sequences encoding a fusion protein of salivary 
binding protein (SBR) from Streptococcus /nutans sur- 
face protein (Agl/11) fused in frame to the A2 subunit 
of cholera toxin; and, 

d) DNA sequences encoding subunit B of cholera toxin 
for coexpression with said fusion protein of saliva 
binding protein and A2 cholera toxin subunit to facili- 
tate assembly of a chimeric protein. 



